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Chapter 1General introduction
Attention deficit/hyperactivity disorder (ADHD) is a developmental disorder 
characterized by developmentally inappropriate inattention and/or heightened 
impulsivity-hyperactivity (APA, 2000, 2013). ADHD affects approximately 5% of 
youth worldwide (Polanczyk & Rohde, 2007). Educational underachievement, 
occupational problems, high accident/injury rates, and difficulties sustaining social 
relationships are amongst the long-term negative outcomes of ADHD (Barkley, 
Murphy, & Fischer, 2010). According to the Diagnostic and Statistical Manual 
of Mental Disorders (APA, 2013), there are three presentation types of ADHD: 1. 
predominantly hyperactive-impulsive (ADHD-HI), 2. predominantly inattentive 
(ADHD-I), and 3. combined hyperactive-impulsive and inattentive type (ADHD-C) 
(Box 1). Hyperactivity symptoms may remit over time, whereas attention deficits and 
impulsivity more often persist (Faraone, Biederman, & Mick, 2006).
 I investigated the interplay between two main characteristics of ADHD: inhibition 
impairment and altered motivation. Inhibition has been studied in isolation in 
the majority of ADHD studies. However, it is well-established that inhibition and 
motivation interact. Studying their conjunction is relevant, because it may enhance 
the ecological validity of laboratory tasks. Furthermore, motivational influences 
on inhibition, in particular the use of task-irrelevant appetitive cues, may better 
discriminate between ADHD and control groups than inhibition in contexts with 
neutral task-irrelevant cues. The aim was to provide insight into whether motivation 
modulates inhibition differently in children with ADHD than in controls. Specifically, 
the studies in this thesis extend prior research by 1. addressing both the beneficial 
and the detrimental effects of motivation on inhibition, 2. focusing on both social 
and monetary motivation, and 3. examining both behavioural and neural outcome 
measures.
 In the following sections, I first outline the central themes of this thesis: inhibition 
impairments and altered motivation in ADHD. The subsequent five chapters report 
research in which I used several approaches to investigate motivational effects on 
inhibition and their associated neural mechanisms in children and adolescents with 
ADHD. The final chapter provides a summary of the findings, overarching discussion, 
and conclusions based on the research presented here.
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Box 1 | DSM-5 diagnostic criteria for ADHD
(1) Six or more symptoms of inattention for children up to age 16, or five or more for adolescents 
17 and older and adults; symptoms of inattention have been present for at least 6 months, and 
they are inappropriate for developmental level: 
Inattention 
·	 Often fails to give close attention to details or makes careless mistakes in schoolwork, at 
work, or with other activities.  
·	 Often has trouble holding attention on tasks or play activities.  
·	 Often does not seem to listen when spoken to directly.  
·	 Often does not follow through on instructions and fails to finish schoolwork, chores, or 
duties in the workplace  (e.g., loses focus, side-tracked).  
·	 Often has trouble organizing tasks and activities.  
·	 Often avoids, dislikes, or is reluctant to do tasks that require mental effort over a long 
period of time (such as  schoolwork or homework).  
·	 Often loses things necessary for tasks and activities (e.g. school materials, pencils, books, 
tools, wallets, keys,  paperwork, eyeglasses, mobile telephones).  
·	 Is often easily distracted.
·	 Is often forgetful in daily activities.  
(2) Six or more symptoms of hyperactivity-impulsivity for children up to age 16, or five or more 
for adolescents 17 and older and adults; symptoms of hyperactivity-impulsivity have been 
present for at least 6 months to an extent that is disruptive and inappropriate for the person’s 
developmental level: 
Hyperactivity 
·	 Often fidgets with or taps hands or feet, or squirms in seat.
·	 Often leaves seat in situations when remaining seated is expected.
·	 Often runs about or climbs in situations where it is not appropriate (adolescents or adults 
may be limited to feeling restless).
·	 Often unable to play or take part in leisure activities quietly. 
·	 Is often “on the go” acting as if “driven by a motor”.
·	 Often talks excessively. 
Impulsivity 
·	 Often blurts out an answer before a question has been completed.
·	 Often has trouble waiting his/her turn.
·	 Often interrupts or intrudes on others (e.g., butts into conversations or games). 
In addition, the following conditions must be met: 
·	 Several inattentive or hyperactive-impulsive symptoms were present before age 12 years.
·	 Several symptoms are present in two or more settings, (e.g., at home, school or work; with 
friends or relatives; in other activities). There is clear evidence that the symptoms interfere 
with, or reduce the quality of, social, school, or work functioning. 
·	 The symptoms do not happen only during the course of schizophrenia or another 
psychotic disorder. The symptoms are not better explained by another mental disorder 
(e.g. Mood Disorder, Anxiety Disorder, Dissociative Disorder, or a Personality Disorder). 
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Based on the types of symptoms, three kinds (presentations) of ADHD can occur: 
1. Combined Presentation: if enough symptoms of both criteria for inattention and 
hyperactivity-impulsivity were present for the past 6 months.  
2. Predominantly Inattentive Presentation: if enough symptoms of inattention, but not 
hyperactivity-impulsivity, were present for the past six months.  
3. Predominantly Hyperactive-Impulsive Presentation: if enough symptoms of hyperactivity-
impulsivity but not inattention were present for the past six months.  
INHIBITION AND ADHD
Inhibition is a form of cognitive control. Cognitive control includes the ability to 
suppress inappropriate automatic actions in favor of appropriate goal-directed 
actions. Cognitive control thereby allows information processing and behavior 
to vary flexibly and adaptively, depending on current goals and a continuously 
changing environment. Cognitive control involves a wide variety of cognitive 
processes. Examples are response inhibition, working memory, sustained attention, 
planning and organization, and set shifting. According to an influential theoretical 
causal model of ADHD, deficits in inhibition lead to secondary impairments in other 
functions, resulting in ADHD symptoms (Barkley, 1997). In this theory, Barkley (1997) 
defined inhibition in three ways: inhibition of a pre-potent response, inhibition of an 
on-going response, and interference control. Because of the theoretical central role 
of inhibition in ADHD, the focus of this thesis was on inhibition. The study of other 
cognitive control functions is beyond the scope of this thesis.
 Inhibition is crucial in many situations. For example, when you are on a sidewalk 
and want to cross the street but see a red traffic light, you should stop (inhibition of a 
pre-potent response). If you saw the traffic light late and already initiated movement 
to step off the sidewalk, you should stop your movement (inhibition of on-going 
response) to remain on the sidewalk. At the same time you may have seen the traffic 
light for cars turn green but you should ignore this cue, and instead focus on the 
cue that is relevant for you (interference control). This example illustrates these 
three types of inhibition in daily life.
 There are paradigms available to quantify the three components of inhibition in 
a laboratory setting. A standard tool to assess inhibition of a pre-potent response is 
the go/nogo task. In this task, stimuli are rapidly and consecutively presented on 
screen. The participant is asked to press a button in response to the go stimulus as 
quickly as possible (approximately 70% of trials) and inhibit their response during 
a nogo stimulus (approximately 30% of trials). Because the majority of trials are go 
stimuli that require rapid reactions, the pre-potent tendency will be to respond 
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quickly. Higher percentages of failed inhibitions reflect an impaired ability to inhibit 
pre-potent responses. Children with ADHD typically show more failed inhibitions 
than controls (for meta-analysis see Wright, Lipszyc, Dupuis, Thayapararajah, & 
Schachar, 2014).
 Inhibition of an on-going response is typically estimated with the stop signal task 
(Logan, 1994). The stop signal task also uses go trials but instead of nogo stimuli, a 
stop signal is presented (e.g., a tone) shortly after the onset of the go stimulus. The 
delay between the onset of the go stimulus and stop signal onset is dynamically 
adjusted. The longer the delay, the more difficult it will be to inhibit. The stop signal 
delay is determined with a tracking algorithm that ensures approximately 50% of 
correctly inhibited trials for each individual. The stop process latency is estimated 
based on this success rate. Children with ADHD show longer stop signal reaction 
times (SSRTs), indicating an impaired ability to inhibit an initiated response (for 
reviews see Lijffijt, Kenemans, Verbaten, & van Engeland, 2005; Oosterlaan, Logan, 
& Sergeant, 1998; Schachar & Logan, 1990).
 Interference control is frequently assessed with Stroop tasks (Stroop, 1935). The 
Stroop task requires a response to the color of a word while ignoring its semantic 
meaning. Stroop color-word interference arises when the semantic meaning of 
a word is incongruent with its font color (e.g., the word “BLUE” written in red ink; 
MacLeod, 2005; Posner & Snyder, 1975). Interference control can then be quantified 
by contrasting reaction times and errors for incongruent stimuli with color figures 
or congruent stimuli. Meta-analyses have indicated that children with ADHD show 
impaired interference control (Lansbergen, Kenemans, & van Engeland, 2007; van 
Mourik, Oosterlaan, & Sergeant, 2005).
 At the neural level, interference control and inhibition of a pre-potent/on-going 
response overlap in their associated neural networks. It has been well established 
by neuroimaging studies, including functional magnetic resonance imaging (fMRI) 
studies (Box 2), that activity in the fronto-striatal network is associated with all three 
forms of inhibition. The fronto-striatal network comprises the inferior frontal gyrus, 
pre-supplementary motor area, and basal ganglia. In particular, across inhibition 
paradigms, key roles have been proposed for the pre-supplementary motor area 
and inferior frontal cortex (Aron, Robbins, & Poldrack, 2014; Ridderinkhof, Ullsperger, 
Crone, & Nieuwenhuiss, 2004; Ullsperger, Danielmeier, & Jocham, 2014). It has been 
suggested that the inferior frontal gyrus detects inhibition cues and facilitates 
inhibition via its connections with the pre-supplementary motor area, while the pre-
supplementary motor area executes the stop process through its connections with 
the basal ganglia (Duann, Ide, Luo, & Li, 2009).
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Box 2 | What does fMRI measure?
Functional magnetic resonance imaging (fMRI) is a non-invasive neuroimaging technique. It 
makes use of the coupling between neural activity and blood flow. When neurons in a brain 
region are active, they will need oxygen. The body reacts to this need by increasing the amount 
of oxygenated blood to this particular region. Oxygen-rich blood has different magnetic 
properties than oxygen-poor blood. Oxygenated blood is diamagnetic while deoxygenated 
blood is paramagnetic. These differences in magnetic properties give rise to differences in 
the MR signal. The MR signal is therefore dependent on the blood oxygenation level. In other 
words, fMRI measures the Blood-Oxygen-Level-Dependent (BOLD) signal, an indirect measure 
of neural activity. FMRI has good spatial resolution, allowing researchers to pinpoint the loci of 
the BOLD signals during specific tasks.
In addition, neural responses in the fronto-parietal network, consisting of the 
superior frontal cortex, opercular cortex, and temporal/parietal junction, is also 
implicated in inhibition tasks, and this network has been associated with modulation 
of attention (Fassbender et al., 2006). Children and adolescents with ADHD show 
altered activation patterns in fronto-striatal and fronto-parietal networks during 
response inhibition (for reviews see Booth et al., 2005; Bush, Valera, & Seidman, 
2005; Cortese et al., 2012; Cubillo, Halari, Smith, Taylor, & Rubia, 2012; Durston, 
2003). These networks are typically involved in all three types of inhibition. Thus, 
rather than specific networks being recruited for each individual inhibition type, the 
activation in structures within these networks may vary depending on more general 
task differences, such as working memory demands (for meta-analyses see Criaud 
& Boulinguez, 2013; Simmonds, Pekar, & Mostofsky, 2008; Swick, Ashley, & Turken, 
2011).
 Despite the established association between ADHD and inhibition deficits, 
meta-analyses have shown that inhibition impairment alone cannot account for 
all variance in ADHD symptoms (Nigg, Willcutt, Doyle, & Sonuga-Barke, 2005; 
Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005). This may not be surprising, as 
diagnostic categories that are homogeneous at the symptom level (e.g., inattention) 
are associated with multiple causal pathways. In contrast to Barkley’s model, other 
theories have suggested that cognitive control deficits in individuals with ADHD 
may be due to altered motivation (e.g., Haenlein & Caul, 1987). This is discussed in 
the following section. 
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MOTIVATION AND ADHD
In addition to theories proposing a central role for inhibition in ADHD, other theories 
have proposed an association between ADHD symptoms and aberrant motivation, 
pertaining to reward-related processing (Haenlein & Caul, 1987; Sagvolden, 
Johansen, Aase, & Russell, 2005) see also (Sonuga-Barke, 2002, 2003, 2005; Sonuga-
Barke, Bitsakou, & Thompson, 2010). Motivation is often used as an overarching 
term for the orienting and invigorating impact of prospective rewards on behavior 
and cognition (Botvinick & Braver, 2015). Reward is defined here as a stimulus event 
with a positive value, while punishment/response cost is a stimulus event with a 
negative value. Incentives (i.e, rewards that are contingent on performance) have 
been used in the majority of studies on the interplay between motivation and 
cognitive control in ADHD. The most commonly used incentives in ADHD studies are 
extrinsic tangible rewards (e.g., money or tokens exchangeable for toys). Acquisition 
of the reward is in these paradigms contingent upon correct performance (such as 
increased inhibition) and is assumed to motivate and reinforce that behavior. Several 
ADHD studies have examined reinforcement effects on behavior (i.e., reward and/or 
cost contingencies), which gave rise to a number of ADHD theories.
 For example, it has been suggested that children with ADHD show an elevated 
reward threshold, suggesting that they require more reward than controls for the 
same effects on performance (Haenlein & Caul, 1987). Deficiencies in dopaminergic 
systems are thought to underlie altered reinforcement effects in individuals with 
ADHD (e.g., Johansen et al., 2009; Sagvolden et al., 2005). Moreover, Sergeant 
and colleagues (1999) suggested that in situations with a non-optimal energetic 
state, individuals with ADHD fail to recruit the necessary effort to regulate arousal 
and activation and thereby fail to optimize their performance. Reinforcement may 
increase effort, which may ameliorate task performance of individuals with ADHD 
(Sergeant et al., 1999). These theories can partially explain experimental findings 
related to reinforcement effects in individuals with ADHD (for review see Luman, 
Oosterlaan, & Sergeant, 2005).
 Empirical studies of the effects of reinforcement on inhibition in children with 
ADHD have yielded mixed results. Most have found that inhibition deficits in children 
with ADHD improved during reinforced conditions compared with non-reinforced 
control conditions, but not more so than controls (Desman, Petermann, & Hampel, 
2008; Huang-Pollock, Mikami, Pfiffner, & McBurnett, 2007; Michel, Kerns, & Mateer, 
2005; Scheres, Oosterlaan, & Sergeant, 2001; Sinopoli, Schachar, & Dennis, 2011; 
Stevens, Quittner, Zuckerman, & Moore, 2002). Others found that reinforcement, 
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compared with a non-reinforced control condition, improved inhibition more in 
children with ADHD than in controls (Konrad, Gauggel, Manz, & Schöll, 2000; 
Rosch et al., 2015; Slusarek, Velling, Bunk, & Eggers, 2001). This raises the question 
whether, and to what extent inhibition impairments in individuals with ADHD may be 
modulated by reinforcement. In other words, does inhibition improve in children and 
adolescents with ADHD when reward/cost is contingent on performance? In clinical 
practice, reinforcement is frequently implemented to modulate behavior in children 
with ADHD (Fabiano et al., 2009; Van der Oord, Prins, Oosterlaan, & Emmelkamp, 
2008) and is commonly recommended in combination with medication (e.g., 
Fabiano, Pelham, Gnagy, & Burrows-MacLean, 2007). In order to shed light on the 
empirical evidence and inform clinical practice, I conducted a meta-analytic review 
of the experimental studies on reinforcement effects on inhibition in children and 
adolescents with ADHD. This review and meta-analysis is presented in Chapter 2.
AMELIORATING AND DETRIMENTAL EFFECTS OF  
REWARD ASSOCIATIONS
In daily life, goal directed behavior often involves aiming to achieve a positive 
outcome (e.g., reward) or avoiding a negative outcome (e.g., cost). Therefore, 
(incentive) motivation plays a vital role in inhibition, requiring adequate integration 
of motivation and inhibition in order to serve appropriate goal attainment. For 
example, children are required to pay attention during lessons at school and inhibit 
the temptation to talk to friends in order to obtain good grades. In this example, 
the reward (good grades) can increase cognitive control (inhibition of chatting with 
friends). Thus, one way in which reward can affect cognitive control is by increasing 
it (ameliorating effect). However, the effect of reward may also work in the opposite 
direction. That is, reward associations can impair inhibition. This has been studied 
less often. Specifically, stimuli or responses to stimuli that are associated with 
reward are harder to avoid or inhibit than stimuli or responses that are not associated 
with reward (e.g., Krebs, Boehler, Egner, & Woldorff, 2011; Krebs, Boehler, & Woldorff, 
2010; Padmala & Pessoa, 2010). For example, children may find it more difficult 
to stop being the class clown when their behavior is approved and encouraged 
by their classmates (rewarding consequence) than when it is not. Because the 
demand on inhibition in daily life usually depends on such motivational contexts, it 
is highly ecologically valid for laboratory studies to measure both ameliorating and 
detrimental effects of reward associations on inhibition in individuals with ADHD. This 
approach may uncover inhibition deficits that are undetected in neutral contexts.
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 Across various research fields, including developmental psychology and 
cognitive neuroscience, dual systems models have been suggested to account 
for the interplay between reward and cognitive control and to understand 
such detrimental effects of reward associations. In these models, an affective/
reward-driven, impulsive, and fast processing system competes with a rational, 
deliberative, and slow processing system in situations where it is not appropriate 
to act upon reward associations (Kahneman & Frederick, 2002). In developmental 
models, Metcalfe and Mischel (1999) classified the reward-driven impulsive system 
and its neural correlates as “hot” forms of cognition (later fine-tuned by Zelazo & 
Müller, 2002; but see Gladwin & Figner, 2015). This is in contrast to “cool” systems 
of cognition that are used in more abstract situations, such as inhibition during the 
traditional stop signal task which uses abstract, neutral stimuli (Logan, 1994). Having 
to inhibit responses to reward-associated cues is an example of the interplay 
between the two systems. Furthermore, the dual-systems notion has been linked 
with the neuroimaging literature. For example, accumulating evidence suggests 
that an imbalance in the developmental trajectory of the two systems may explain 
adolescent impulsivity (Casey, Jones, & Hare, 2008; Shulman et al., 2015).
 Sonuga-Barke (2002, 2003, 2005)
 
suggested that two similar pathways may 
lead to symptoms of ADHD: a cognitive control pathway mediated by dorsolateral 
cortical-striatal brain circuitry, and a reward-related pathway, mediated by medial 
and orbital prefrontal-ventral striatal circuits. In Sonuga-Barke’s dual-pathway 
model, the reward-related pathway pertained to a specific type of motivation, namely 
temporal discounting (i.e., children with ADHD show a relatively higher preference 
for small, immediate rewards versus larger but delayed rewards compared with 
controls). Even though temporal discounting is a different type of task than reward 
associations in an inhibition task, it is worthwhile to note here because this was the 
first model to suggest that multiple pathways, specifically motivation and cognitive 
control, make distinctive contributions to ADHD. This suggestion was based on 
empirical studies showing that motivation and inhibition did not show a significant 
correlation with each other, but together increased the correct classification of 
children with ADHD compared with the measures in isolation (Solanto et al., 2001; 
Sonuga-Barke, 2003). Although these pathways contribute independently to ADHD, 
further research on the interplay between motivation and cognitive control was 
also emphasized (Sonuga-Barke, 2005; Sonuga-Barke et al., 2010). The interplay 
between motivation and cognitive control is well-established in healthy populations 
(for reviews see Botvinick & Braver, 2015; Pessoa, 2009). However, research on the 
interaction between inhibition and motivation in ADHD is scarce. The ADHD studies 
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of motivational effects on inhibition primarily have focused on the ameliorating 
effects of rewards and response cost (reviewed in Chapter 2). There is a lack of 
ADHD studies on the detrimental effects of reward associations on inhibition, as in 
the class clown example described above. Paradigms that assess such detrimental 
effects on inhibition in individuals with ADHD may improve ecological validity, and 
better discriminate between ADHD and control groups in laboratory settings than 
paradigms with neutral or abstract stimuli do. In Chapter 3, I therefore investigated 
whether reward-associated or punishment-associated cues were more detrimental 
to interference control in children and adolescents with ADHD than in controls.
NEURAL BASIS OF MOTIVATION EFFECTS ON INHIBITION
Several theories have proposed dopaminergic dysfunction as a mechanism 
underlying motivational deficits in individuals with ADHD (for a review see Luman, 
Tripp, & Scheres, 2010). The neurobiological models have led to fMRI studies 
examining the anticipation of potential monetary reward in individuals with ADHD. 
Reward anticipation elicits activation in the ventral striatum, a region strongly 
innervated by dopamine (Knutson, Adams, Fong, & Hommer, 2001). A recent 
meta-analysis of ADHD studies on reward anticipation revealed a medium effect 
size for hypo-activation of the ventral striatum in individuals with ADHD (Plichta & 
Scheres, 2014; but see von Rhein et al., 2015). However, at present, there are no 
fMRI studies that directly (within the same task) investigated how reward affects 
inhibition in individuals with ADHD. Based on animal research, Haber (Haber, 2003; 
Haber, Fudge, & McFarland, 2000)
 
described nonreciprocal striato-nigral-striatal 
and thalamo-cortico-thalamic networks in which information is channeled from 
limbic to cognitive to motor circuits. This suggests a bottom-up process of reward 
influencing cognitive control, which in turn regulates motor output (Haber, 2003). 
Evidence from non-invasive neuroimaging studies has indicated that the same 
pathways are present in humans, both functionally (Haber & Knutson, 2010) and 
structurally (Draganski et al., 2008).
 Moreover, fMRI studies have demonstrated that motivational states can 
modulate inhibition-related neural signals in cortical regions in healthy adults (e.g., 
Padmala & Pessoa, 2010) and adolescents (e.g., Somerville, Hare, & Casey, 2010). 
Based on Haber’s (2003) model, Castellanos and colleagues (2006) suggested 
that ventromedial-ventrostriatal as well as medial and orbital prefrontal cortex 
dysfunction in individuals with ADHD may account for ‘hot’ motivational impairment, 
in turn affecting goal-directed behavior mediated by the dorsal striatum-dorsolateral 
prefrontal cortex loop and motor behavior. I used fMRI to examine the neural 
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circuitry underlying the effects of reward on inhibition in adolescents with ADHD. 
Adolescents with and without ADHD completed a rewarded interference control 
task in the scanner (Chapter 4).
SOCIAL MOTIVATION
Similar to monetary reinforcement, social reinforcement can influence motivation 
and thereby affect cognitive control and decision-making (Ruff & Fehr, 2014). In fact, 
social and monetary reward anticipation both elicit activation of the ventral striatum 
(e.g., Izuma, Saito, & Sadato, 2008; Rademacher et al., 2010). Aside from shared 
mechanisms, there are several reasons why social rewards are also particularly 
relevant for youth with ADHD.
 First, ADHD is associated with social and emotional impairments (Wehmeier, 
Schacht, & Barkley, 2010). Children with ADHD demonstrate fewer prosocial 
behaviors such as empathy (especially those with comorbid conduct problems; 
Herpers, Rommelse, Bons, Buitelaar, & Scheepers, 2012), have less stable 
friendships (Normand et al., 2013), and are more frequently rejected by peers than 
children without ADHD (Erhardt & Hinshaw, 1994; Hodgens, Cole, & Boldizar, 2000; 
Hoza, 2006; McQuade & Hoza, 2008; Pelham & Bender, 1982; Tseng, Kawabata, 
Gau, & Crick, 2014; but see Glass, Flory, & Hankin, 2012). Peer rejection and social 
dysfunction in youths with ADHD have been associated with poor long-term 
outcomes, including delinquency, cigarette smoking, and psychopathology other 
than ADHD (Mrug et al., 2012; Nijmeijer et al., 2008), further illustrating its relevance.
 Second, examining social motivation is important in order to advance 
our understanding of ADHD, because ADHD is more prevalent in children 
and adolescents than in adults (Polanczyk & Rohde, 2007). In childhood and 
adolescence, social reinforcement (from parents and peers) is more common 
than monetary reinforcement. Moreover, adolescence is marked by an increased 
salience of social rewards and costs in peer relationships (Steinberg, 2005). Stimuli 
consisting of emotional facial expressions are often used in order to study the 
effects of social stimuli on inhibition in healthy populations (Hare et al., 2008; Schulz 
et al., 2007; Somerville et al., 2010; Zhang & Lu, 2012). Such stimuli have been shown 
to bias action tendencies in an emotion-specific manner (Roelofs, Minelli, Mars, 
van Peer, & Toni, 2009). Specifically, happy facial expressions compared to neutral 
expressions facilitate response execution and diminish inhibition in the context of 
a go/nogo task (Somerville et al., 2010). This response facilitating effect of happy 
faces may reflect approach behavior (Stins, Roelofs, Villan & Beek, 2011). Fearful 
expressions may have the opposite effect (Hare et al., 2008; Somerville et al., 
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2010) although this effect is less stable (Paulus & Wentura, 2015). This diminishing 
influence on response execution may reflect freezing behavior, which is thought to 
be a preparatory state that facilitates visual perception (Gladwin, Hashemi, van Ast, 
Roelofs, 2016; Lojowska, Gladwin, Hermans, Roelofs, 2015). Fearful faces possibly 
suggest environmental threats. During a freeze response, the individual can assess 
the situation and determines the (appropriate) response. 
 The heightened salience of social stimuli in youth, combined with the altered 
reinforcement sensitivity and social difficulties in youth with ADHD make social 
rewards effects particularly important to examine. In support of the suggestion 
that social reinforcement may be particularly effective for inhibition modulation 
in individuals with ADHD, Kohls et al. (2009) demonstrated that social feedback 
improved inhibition more strongly in children with ADHD than in controls. However, 
no studies have examined the detrimental effects of social stimuli on response 
inhibition in youths with ADHD. This approach would strengthen the ecological 
validity of the tasks compared to tasks with neutral cues. I addressed this question 
in Chapter 5. In a go/nogo task, response inhibition to happy faces was compared 
with response inhibition to calm and fearful nogo stimuli in order to demonstrate 
emotion specificity. Moreover, I examined monetary reward-related decision-
making in social contexts in Chapter 6 to further understand the balance between 
social versus monetary motivation in decision-making in youth with ADHD.
AIMS AND OUTLINE
In summary, the main aim of this thesis was to increase our understanding of how 
reward and reward associations modulate inhibition in children and adolescents 
with ADHD in social and non-social contexts. In Chapter 2, I provided a systematic 
meta-analysis of the existing literature on reinforcement effects on response 
inhibition in children and adolescents with ADHD. In Chapter 3, I investigated 
whether reward-associated distractors were more detrimental to interference 
control in children and adolescents with ADHD than in controls. Chapter 4 focused 
on the neural underpinnings of reward effects and reward-associated distractors on 
interference control in adolescents with ADHD. Chapter 5 reports the results from 
an experiment on action tendencies and response inhibition in response to social 
appetitive and aversive stimuli. In Chapter 6, I investigated how monetary decision-
making in children and adolescents with ADHD was affected by social context. 
Chapter 7 provides a summary of the findings, general discussion, suggestions for 
future research, and conclusions.
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ABSTRACT
The majority of studies which have aimed to identify cognitive and motivational 
factors at play in ADHD have investigated cognitive-control processes and 
reinforcement effects in isolation. Notably, in recent years, the interaction between 
these two processes has been increasingly examined. Here, we aimed to provide 
a comprehensive and critical review of the behavioral and functional neuroimaging 
studies that have investigated reinforcement effects on inhibitory control in ADHD. 
The findings of our meta-analyses show that reinforcement can normalize inhibitory 
control in children and adolescents with ADHD to the baseline level of controls. 
Furthermore, the data suggests that inhibitory control may improve to a larger extent 
in youth with ADHD compared with controls, as a function of reinforcement. Based 
on (1) this review and meta-analyses, (2) functional neuroimaging studies in healthy 
populations, and (3) existing ADHD and neurobiological models of dual processes, 
we propose specific guidelines for future research, which are anticipated to further 
elucidate processes underlying impulsive behavior associated with ADHD.
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is a common child and adolescent 
developmental disorder with prevalence rates of 5-10% (Scahill & Schwab-
Stone, 2000). ADHD is mainly characterized by age-inappropriately high levels of 
inattention and/or impulsivity and hyperactivity. Three symptomatic subtypes are 
currently distinguished: ADHD-inattentive subtype, ADHD-hyperactive/impulsive 
subtype, and ADHD-combined subtype (American Psychiatric Association, 2013).  
 Theoretical causal models of ADHD have suggested that deficits in inhibitory 
control lead to secondary impairments in other cognitive-control functions, 
resulting in inattention, hyperactivity, and impulsivity (Barkley, 1997). This theory has 
triggered a burgeoning literature of behavioral and functional magnetic resonance 
imaging (fMRI) studies. Findings indicate that ADHD is indeed associated with poor 
cognitive control, particularly inhibitory control as measured with the stop task 
(Chamberlain et al., 2011; Lijffijt, Kenemans, Verbaten, & van Engeland, 2005; Lipszyc 
& Schachar, 2010; Logan, Schachar, & Tannock, 1997; Oosterlaan, Logan, & Sergeant, 
1998; Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005). Generally, individuals with 
ADHD have slower stop signal reaction times (SSRT), suggesting that it takes them 
longer to inhibit prepotent responses. The inhibitory deficit in ADHD is associated 
with both structural and functional abnormalities in fronto-striatal and fronto-
parietal neural circuitries often revealing hypoactivation in prefrontal areas during 
stop or go/no-go tasks as compared to typical populations (Castellanos & Proal, 
2012; Cortese et al., 2012; De La Fuente, Xia, Branch, & Li, 2013; Hart, Radua, Nakao, 
Mataix-Cols, & Rubia, 2013; Paloyelis, Mehta, Kuntsi, & Asherson, 2007; Valera & 
Seidman, 2005; Valera, Faraone, Murray, & Seidman, 2007). Despite the established 
relation between ADHD and cognitive control deficits, meta-analyses have shown 
that effect sizes are small to moderate: poor inhibitory control is typical of only 50% 
of all patients with ADHD (van Mourik, Oosterlaan, & Sergeant, 2005; Nigg, Willcutt, 
Doyle, & Sonuga-Barke, 2005; Oosterlaan, Logan & Sergeant, 1998; Willcutt et al., 
2005). 
 In addition to impairments in cognitive control, altered reinforcement sensitivity 
is considered one of the important deficits in ADHD (Castellanos, Sonuga-Barke, 
Milham, & Tannock, 2006; Castellanos & Tannock, 2002; Douglas & Parry, 1994; 
Sonuga-Barke, 2002, 2003, 2005; Sonuga-Barke & Fairchild, 2012; Tripp & Wickens, 
2012). Reinforcement sensitivity may be defined as a tendency that varies across 
individuals and is often measured with questionnaires. As such, it is assumed that 
higher levels of reward sensitivity will be correlated with larger benefits in task 
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performance when this is reinforced with rewards (Luman, van Meel, Oosterlaan 
& Geurts, 2012). Importantly, Fosco and colleagues (2015) tested this assumption 
and demonstrated that higher questionnaire-based reward sensitivity is indeed 
associated with larger increases in task performance when it is rewarded compared 
to when it is not rewarded. Research using questionnaire-based measures of 
reinforcement sensitivity has demonstrated that indeed, children and adolescents 
with ADHD are more sensitive to rewards than controls (Fosco et al., 2015; Luman 
et al., 2012). However, in experimental research, findings are less conclusive: while 
there is some evidence that the positive effects of reinforcers on task performance 
are stronger in those with ADHD than controls, psychophysiological research 
suggests decreased reinforcement sensitivity at that level of analysis in individuals 
with ADHD (see Luman, Oosterlaan, & Sergeant, 2005 for a review).
 A more consistent finding of altered reinforcement sensitivity in ADHD is a 
relatively strong preference for small immediate rewards compared to larger 
delayed rewards (Antrop et al., 2006; Barkley, Edwards, Laneri, Fletcher, & Metevia, 
2001; Bitsakou, Psychogiou, Thompson, & Sonuga-Barke, 2009; Demurie, Roeyers, 
Baeyens, & Sonuga-Barke, 2012; Luman et al., 2005; Marco et al., 2009; Scheres, 
Tontsch, Thoeny, & Kaczkurkin, 2010; Sergeant, 2000; Shiels et al., 2009; Solanto et 
al., 2001; Sonuga-Barke, Taylor, Sembi, & Smith, 1992; Tripp & Alsop, 2001; Wilson, 
Mitchell, Musser, Schmitt, & Nigg, 2011 but also see Plichta et al., 2009; Scheres 
et al., 2006; Solanto et al., 2007; Wilbertz et al., 2013). In terms of brain activation 
during choices between small immediate and larger delayed rewards, only two 
studies have been published so far (Plichta et al., 2009; Rubia, Halari, Christakou, & 
Taylor, 2009a). Plichta and colleagues (2009) showed ventral striatal hypoactivation 
in adults with ADHD while deciding between smaller sooner and larger later reward 
options. Additionally, they reported hyperactivation of the dorsal caudate nucleus 
and amygdala in those with ADHD when the soon option was not immediate. These 
findings suggest reduced neural reward processing in individuals with ADHD, and 
are consistent with the delay aversion theory (Sonuga-Barke et al., 1992). The second 
study (Rubia et al., 2009a) found that preferences for small immediate rewards were 
correlated with hyperactivity symptoms. When contrasting delayed vs. immediate 
choices, adults with ADHD showed hypoactivation in orbital and inferior prefrontal 
cortices, putamen, thalamus, inferior parietal lobe, posterior cingulate/precuneus, 
and cerebellum. Given the involvement of these regions in other processes including 
temporal processes (e.g. temporal discounting), inhibition, and attention, Rubia et al. 
(2009a) suggested that a combination of such skills and abilities is needed to wait 
for large delayed rewards, and that these may be compromised in ADHD. 
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 Secondly, a recent meta-analysis (Plichta & Scheres, 2014) of functional MRI 
studies has revealed medium-sized hypoactivation of the ventral striatum during 
anticipation of potential monetary reward in adolescents and adults with ADHD as 
measured with the monetary incentive delay (MID) task (Knutson, Westdorp, Kaiser, 
& Hommer, 2000). In contrast, there are very few fMRI studies on reward outcome 
in relation to ADHD (Paloyelis et al., 2012; Strohle et al., 2008; Wilbertz et al., 2012). 
These findings are interesting though mixed regarding the role of ventral striatum 
and orbitofrontal cortex during reward outcome in individuals (adolescents and 
adults) with ADHD. More research is needed to determine the relation between 
ADHD and reward outcome processing at different developmental stages, and 
studies examining both anticipation and outcome of rewards within the same 
paradigm and sample are of particular interest (see von Rhein et al., 2015). 
 Taken together, although ADHD is marked by heterogeneity and multiple 
mechanisms are involved, there is accumulating evidence supporting the notion 
of altered reinforcement effects in ADHD. Additionally, a link between ADHD and 
inhibitory control deficits had already been established. The importance of both 
processes in ADHD is reflected in the roles both play in behavioral interventions: 
desired behaviors (including inhibitory control) are often trained by the use of 
reinforcers (Antshel et al., 2011; Daley et al., 2014; DuPaul & Stoner, 2014; Fabiano et 
al., 2009). Together, altered reinforcement effects and inhibitory control deficits may 
form one of the fundamental mechanisms for the diversity of ADHD symptoms. 
Reinforcement and inhibitory control integration
Inhibitory control and reinforcement effects can be studied in isolation as has been 
done in the majority of the studies described above. However, goal directed behavior 
often involves aiming to achieve a positive outcome (reward) or avoiding a negative 
outcome (e.g. punishment) in daily life situations. Therefore, reinforcement may be 
expected to play a vital role in inhibitory control, requiring adequate integration 
of these two functions in order to serve appropriate goal directed behavior. For 
example, a child may be required to pay attention during a school lecture and 
inhibit the temptation to talk to friends during to get better grades. In this example, 
reward (getting good grades) increases the likelihood of someone to demonstrate 
cognitive control (in this case, inhibition of interacting with friends). Thus, one way 
in which reinforcement can interact with cognitive control is that incentives lead 
to behavioral improvements (ameliorating effects). Another, much less frequently 
studied manner in which reinforcement and inhibitory control interact is in the 
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opposite way, i.e., reinforcement may impair inhibitory control. Specifically, stimuli or 
responses to stimuli that have resulted in a reward or the avoidance of punishment 
will be harder to avoid or inhibit than (responses to) stimuli that have not been 
associated with reinforcement. For example, a child may find it more difficult to stop 
being the class clown if his/her behavior resulted in the approval of peers than 
if it did not. The impairing effects of reinforcement or motivational significance on 
cognitive control and its neural correlates have been classified as “hot” forms of 
cognitive control by Metcalfe and Mischel (1999) and later fine-tuned by Zelazo and 
Müller (2002). This is in contrast to a “cool” form of cognitive control which is purely 
abstract, such as measured by the stop task (Logan et al., 1997). 
 Given that reinforcement plays an important role in inhibitory control in various 
ways, it is encouraging that the combination of inhibitory control and reinforcement 
has been increasingly incorporated in theoretical models of multiple causal 
mechanisms of ADHD (Castellanos & Tannock, 2002; Nigg, 2003; Nigg & Casey, 
2005; Nigget al., 2005; Sagvolden, Johansen, Aase, & Russell, 2005; Sonuga-Barke, 
Bitsakou, & Thompson, 2010; Sonuga-Barke, 2002, 2003, 2005). Specifically, the dual-
pathway model suggests an impaired dorsolateral cortical-striatal brain circuitry 
to be associated with (cool) cognitive control impairments, whereas dysfunctions 
in the medial and orbital prefrontal-ventral striatal circuits are linked to altered 
reinforcement sensitivity. Although earlier versions of this model primarily viewed 
these pathways as independent, more recently, Sonuga-Barke and colleagues 
(2008) proposed that cognitive control and reinforcement interact, despite the 
fact that strong preferences for immediate rewards and poor cognitive control 
are distinguishable to some extent in their relation to ADHD (Solanto et al., 2001). 
Thus, ADHD has progressively come to be viewed as a multi-systemic disorder 
with diverse neuropsychological profiles (i.e. altered reinforcement effects, and/or 
inhibitory/cognitive control deficits) (Nigg & Casey, 2005; Sonuga-Barke et al., 2010; 
de Zeeuw, Weusten, van Dijk, van Belle, & Durston, 2012).
 Nonetheless, empirical studies examining the conjunction of reinforcement and 
inhibitory control pathways in ADHD are still sparse. Although a number of behavioral 
studies have examined the ameliorating effects of reinforcement on inhibition, 
impairing effects of reinforcement on inhibitory control have only been investigated 
in ADHD in one study (Wodka et al., 2007). Additionally, functional neuroimaging 
studies on the integration of reinforcement and cognitive control have only just 
started and are limited to the ameliorating effects of reinforcement on cognitive 
control. We argue that more research is needed in which the integration between 
these two processes is examined in individuals with ADHD, because more variance 
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in the symptoms of ADHD may be explained when measuring the conjunction of 
these two important functions than when measuring each in isolation.
APPROACH
While other executive functions are impaired in ADHD as well, inhibitory control 
deficits have been shown to most robustly differentiate individuals with ADHD 
from controls (e.g., Willcutt et al., 2005). For this reason, as well as for the sake 
of brevity, the focus of this review will be on the integration of inhibitory control 
and altered reinforcement effects. We will (a) provide a comprehensive qualitative 
review of behavioral studies in which the interaction between these was measured. 
We will also report a quantitative meta-analysis, which is based on a subset 
of these studies. (b) This will be followed by a description of relevant functional 
neuroimaging studies. (c) We will provide brief descriptions of 3 relevant ADHD 
models and 3 relevant neurobiological models. For each of these three sections, 
we will critically discuss the current state of knowledge, and suggest directions 
for future research. Finally, we will address specificity issues. In particular, we will 
discuss disorder specificity and cognitive control domain (i.e. working memory and 
sustained attention) specificity.
 Although we acknowledge that reinforcement shares some overlap with emotion 
(Chiew & Braver, 2011), and that it is important to study interactions between emotion 
and cognitive control in individuals with ADHD, in this review we will primarily focus 
on the effects of reinforcement, defined as the effects of incentivizing action or 
inhibition, and its interaction with inhibitory control.
 For the purpose of this review, we used the following key words to find potentially 
relevant articles: ADHD/attention deficit hyperactivity disorder, reinforcement/
motivation/reward, inhibition/inhibitory control/stop signal task/go no-go task. 
These key words were entered into the search engines PubMed, Web of Science 
and Google Scholar. Studies using non-clinical ADHD samples, animal studies, 
and non-English articles were excluded. Seventeen studies were included for this 
review, and met the following criteria:
- Inclusion of individuals with ADHD according to ICD-10, DSM-III-R, DSM-IV, 
DSM-IV(-TR) or DSM-V and a typical control group
- Use of go/no-go or stop tasks in at least two conditions (monetary 
reinforcement and control)
- Publication year between 1995 and 2015
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We also performed a meta-analysis for a subset (n = 10) of the 17 studies, which met 
the additional inclusion criteria below:
- The control condition did not include monetary reinforcement, or the 
amounts were less than in the reinforcement condition
- Studies had to report the means and standard deviations for the SSRT (stop 
signal tasks), or false alarm rate (go/no-go tasks) and the reaction time (RT) 
for response execution during go trials, as well as their sample sizes. If the 
data were not numerically reported, or transformed into a different type of 
dependent variable, the authors were contacted with a request for numerical 
details
- Studies reported unique data (not overlapping with samples from other 
studies). 
Selection of conditions and subgroups
Studies that compared multiple reinforcement conditions to one or multiple control 
conditions, or vice versa, would lead to non-independent effect sizes when the same 
sample is used. To avoid non-independent effect sizes we selected the conditions 
that best matched our study selection criteria. This was done for the study by Kohls 
et al. (2009) where we selected the condition using monetary reinforcement over 
social reinforcement. In the study by Desman (2008) the reward only condition 
was selected from the three types of reinforcement conditions. Finally, one study 
compared two groups of ADHD subtypes to a control group (Huang-Pollock et 
al., 2007). We collapsed the data from the two ADHD subgroups. This was done 
because the other studies included in our meta-analysis did not distinguish or 
select a specific subgroup, and because ADHD subtypes are not stable across the 
lifespan (APA, 2013). Based on the above-mentioned inclusion criteria, we identified 
10 studies eligible for the meta-analysis. An additional 7 studies also investigated 
reinforcement effects on response inhibition but could not be included in the 
meta-analysis (see Table 1). Five of these studies did not report the required data 
to compute the necessary effect sizes and/or the study authors did not respond to 
our request for data, or no contact information was available. Two of these studies 
could not be included due to the lack of a control condition (Oosterlaan & Sergeant, 
1998) or by aiming to hamper inhibition (Wodka et al., 2007). Therefore, we will first 
report on the methodological details of all 17 studies, followed by a qualitative 
summary and discussion of the findings. Additionally, we will report and discuss 
findings of a meta analysis of studies that met the inclusion criteria (see Table 2). 
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Data analysis
In order to determine whether the effect of reward on inhibition differed across 
groups, we computed Cohen’s dav effect size for within subjects effects (Lakens, 
2013) for each study and each group separately. Cohen’s dav was calculated by 
dividing the mean difference of the control and reinforcement conditions by the 
mean standard deviation of the control and reinforcement conditions. Secondly, we 
also focused on the between group difference, because it gave insight into ADHD-
control differences in inhibitory control without and with reinforcement. To this end, 
we calculated Cohen’s d effect size for between subjects effects (Cohen, 1988) for 
each study and each condition separately. Cohen’s d was calculated by dividing 
the mean difference between ADHD and control groups by the pooled standard 
deviation.
 Based on the effect sizes and sample sizes, the weighted mean effect sizes 
were calculated. For the within subjects effect of reward, these were calculated 
for each group separately. For the between subjects effect (i.e., group difference in 
inhibition), these were calculated for control conditions and reinforcement conditions 
separately. The weighted mean effect size (Hedge’s g) and the 95% confidence 
interval were computed according to the random effects procedure described in 
Hedges and Olkin (1985). In addition, Q and I2 were calculated. Q reflects weighted 
sums-of-squares to quantify the variability that is due to heterogeneity of study 
findings. I2 is a similar statistic but adjusts for the small number of studies and small 
sample sizes within studies. When influential outliers were detected, results were 
reported with and without the influential outlier (Viechtbauer & Cheung, 2010). There 
were two influential outliers (Sinopoli et al., 2011; Uebel et al., 2010) that greatly 
altered the Hedge’s g effect sizes.
COMPREHENSIVE REVIEW: BEHAVIORAL ADHD STUDIES OF 
REINFORCEMENT EFFECTS ON INHIBITORY CONTROL
A comparison of methodological details
All studies in this review included non-medicated, clinically diagnosed children 
and adolescents with ADHD and healthy control groups in the age range of 6-18 
years. To our knowledge, there were no studies with adult ADHD groups. The 
main dependent variables for response inhibition are SSRT for the stop task, and 
false alarm rate (proportion of no-go trials to which a participant responded) for 
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the go/no-go task. As for response execution, mean reaction time (RT) and RT 
variability are the main measures for both tasks. Reinforcement manipulations can 
be segregated into reinforcement of inhibitory control, i.e., behavior on no-go/stop 
trials (false alarms or correct inhibition) and reinforcement of response execution, 
i.e., behavior on go trials (omissions or hits). Frequently, studies aimed at improving 
inhibitory control by reinforcing correct inhibition on no-go/stop trials (e.g. Groom 
et al., 2010; Kohls, Herpertz-Dahlmann, & Konrad, 2009; Rosch et al., 2015; Scheres, 
Oosterlaan, & Sergeant, 2001; Sinopoli, Schachar, & Dennis, 2011; Uebel et al., 2010). 
In most of these studies, the reinforcement condition consisted of a combination 
of rewarding correct inhibition and punishing false alarms (Desman, Petermann, & 
Hampel, 2008; Groom et al., 2010; Iaboni, Douglas, & Baker, 1995; Liddle et al., 2011; 
Michel, Kerns & Mateer, 2005; Shanahan, Pennington, & Willcutt, 2008; Slusarek, 
Velling, Bunk, & Eggers, 2001; Uebel et al., 2010; Wodka et al., 2007). Ten studies 
included rewarding hits on go trials in addition to reinforcing inhibitory control, in 
order to maintain the pre-potency of response execution, an essential characteristic 
of these tasks (Desman et al., 2008; Groom et al., 2010; Huang-Pollock, Mikami, 
Pfiffner, & McBurnett, 2007; Iaboni et al., 1995; Rosch et al., 2015; Shanahan et al., 
2008; Slusarek et al., 2001; Stevens, Quittner, Zuckerman, & Moore, 2002; Uebel 
et al., 2010; Wodka et al., 2007). In one study, the researchers explicitly aimed at 
rewarding hits more strongly than correct inhibitions, in order to evoke impulsivity. 
They hypothesized that this would have a detrimental effect on inhibitory control, 
especially in the ADHD group (Wodka et al., 2007).
 Not only did studies differ in the behavior that was reinforced as described 
above, but also other task aspects differed. The design of four studies enabled 
measurement of the unique effects of reward versus punishment (Desman et al., 
2008; Iaboni et al., 1995; Groom et al., 2010; Oosterlaan & Sergeant, 1998). Four 
studies compared the effects of high versus low reward (Groom et al., 2010; Huang-
Pollock et al., 2007; Liddle et al., 2011; Slusarek et al., 2001) on inhibition. While most 
studies used tangible incentives (money amounts, points exchangeable for money 
or gifts), two studies used points only (Liddle et al., 2011; Slusarek et al., 2001). In 
four studies, the monetary rewards were combined with written feedback, which 
appeared on screen (Iaboni et al., 1995; Konrad, Gauggel, Manz, & Schöll, 2000; 
Oosterlaan & Sergeant, 1998) or positive verbal feedback by the experimenter (i.e., 
social feedback) (Scheres et al., 2001). Finally, in one study, the effects of monetary 
rewards on inhibition were directly compared with the effects of social rewards, 
namely pictures of exuberant facial expressions (Kohls et al., 2009).
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Additionally, the control conditions to which the reinforcement condition was 
compared differed across studies. For example, while most studies did not use 
any feedback in the control condition, one study reported the use of informative 
written feedback (“good work”) after correct inhibition in the control condition of the 
task (Sinopoli et al., 2011). Another used an informative-feedback control condition 
in addition to a completely neutral control condition in which no feedback was 
provided (Desman et al., 2008). Finally, two studies used uninformative feedback 
in the control condition (e.g., abstract figure) presented after both successful and 
unsuccessful no-go trials (Kohls et al., 2009; Rosch et al., 2015). One study only used 
a control condition in which only response speed feedback was provided (Michel 
et al., 2005). Similarly, one study added a cognitively more demanding inhibition 
task as an extra control condition to address difficulty effects (Wodka et al., 2007). 
Thus, important to note is that the studies reviewed here differ in the conditions that 
are compared to one another, and that the majority of studies failed to control for 
factors such as difficulty, feedback or salience. 
Qualitative review and discussion of the findings
In terms of main effects of reinforcement manipulations, we can conclude that (1a) 
Reinforcement conditions led to improvement on at least one of the measures for 
task performance in 14 out of 16 studies (88%) independent of group. This main 
effect of reinforcement was not detected in the studies by Shanahan et al. (2008) 
and Slusarek et al. (2001). The study by Oosterlaan and Sergeant (1998) was not 
included in this comparison as they only compared rewarding correct inhibition 
to punishing false alarms. (1b) Reinforcing response inhibition, as compared to 
control conditions, led to an improvement in inhibitory performance on stop/no-
go trials in 10 out of 15 studies (67%; Desman et al., 2008; Huang-Pollock et al., 
2007; Kohls et al., 2009; Konradet al., 2000; Liddle et al., 2011; Michel et al., 2010; 
Rosch et al., 2015; Scheres et al., 2001; Sinopoli et al., 2011; Stevens et al., 2002). In 
addition to Oosterlaan and Sergeant (1998), Wodka et al. (2007) was not included in 
this comparison as they mainly aimed to reinforce go performance. (1c) Reinforcing 
inhibition while not reinforcing response execution led to (strategic) slowing of RT 
on go trials in one of the two studies using such an approach (Scheres et al., 2001), 
and not in the study by Konrad et al. (2000); (1d) Reinforcing response execution 
(rewarding hits or punishing omissions) led to an improvement in performance on 
go trials in 7 out of 9 studies (78%): faster RT (Groom et al., 2010; Huang-Pollock et 
al., 2007; Uebel et al., 2010), lower RT variability (Stevens et al., 2002; Uebel et al., 
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2010), or fewer omissions (Desman et al., 2008; Iaboni et al., 1995; Uebel et al., 2010, 
although one study reported the opposite effect Huang-Pollock et al., 2007).
 With regard to group differences it was observed that (2a) Individuals with ADHD 
showed poor inhibitory control relative to healthy controls in 14 out of 17 studies 
(82%), irrespective of reinforcement manipulation (Desman et al., 2008; Huang-
Pollock et al., 2007; Iaboni et al., 1995; Konrad et al., 2000; Liddle et al., 2011; Michel 
et al., 2005; Oosterlaan & Sergeant, 1998; Rosch et al., 2015; Shanahan et al., 2008; 
Sinopoli et al., 2011; Slusarek et al., 2001; Stevens et al., 2002; Uebel et al., 2010; 
Wodka et al., 2007). Four did not find main group effects for inhibition (Groom et al., 
2010; Kohls et al., 2009; Konrad et al., 2000; Scheres et al., 2001). (2b) Regardless of 
reinforcement manipulation, response execution was affected in ADHD in 10 out of 
17 studies (59%): in particular, higher RT variability was reported in 6 studies out of 
15 (33%) (Rosch et al., 2015; Shanahan et al., 2008; Sinopoli et al., 2011; Stevens et al., 
2002; Uebel et al., 2010; Wodka et al., 2007), consistent with previous findings (e.g. 
Castellanos et al., 2005). In some cases slower RTs were reported (Michel, Kerns & 
Mateer, 2005; Oosterlaan & Sergeant, 1998; Rosch et al., 2015; Scheres et al., 2001). 
More omissions were reported in 4 studies (24%; Desman et al., 2008; Liddle et 
al., 2011; Sinopoli et al., 2011; Wodka et al., 2007), but see Iaboni et al. (1995) for an 
exception. 
 (3) Contrary to our expectations, significant interactions between reinforcement 
condition and group for inhibition measures (SSRT or false alarms) were found in a 
minority of studies (n = 4; 24%; Kohls et al., 2009; Konradet al., 2000; Rosch et al., 2015; 
Slusarek et al., 2001). This suggests that, based on statistical significance, there was 
no strong evidence for reinforcement manipulations to affect the performance of 
individuals with ADHD differentially from healthy controls.
 One potential explanation is the widely acknowledged heterogeneity of 
symptoms in ADHD. For example, for the interaction between inhibition and 
reinforcement to be altered, both might need to be inflicted in the same individuals. 
Indeed, these systems can also operate quite independently (Robbins et al., 2012). 
Another general explanation is the fact that interaction effects require relatively 
strong power (i.e., larger sample sizes) to be detected. Although a significant 
interaction was shown in only a minority of studies, the direction of this interaction 
was consistent. Therefore, it is unlikely that these were chance findings, and we will 
focus on examining potential factors that may have contributed to this interaction 
effect. 
 Two factors that turned out not to distinguish between the four studies that 
did report an interaction and the remaining studies are power and room for 
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improvement. First, we examined whether these four studies had more power to 
detect interactions, either because of relatively large group sizes, or by relatively 
large number of trials per condition. Group size is not a likely candidate, since these 
varied between 16 and 33 for the 4 studies that did find and interaction, while for the 
remaining studies group sizes varied between 9 and 84. As for number of trials per 
condition, the number of stop/no-go trials varied between 24 and 60 in the 4 studies. 
For the other studies, the number of trials per condition was comparable: between 
20 and 54. A second possibility is that inhibition deficits in the ADHD groups during 
the control conditions were present in these 4 studies. In other words, significant 
interactions could be dependent on the presence of room for improvement in 
the ADHD group (Fosco et al., 2015). While Kohls et al. (2009) reported a lack of 
group difference for false alarm rate during the control condition and still found 
a significant interaction, the other three studies reporting significant interactions 
(75%) all demonstrated inhibition deficits in the ADHD group (suggesting room for 
improvement). Out of the 13 remaining studies, there was room for improvement in 
the ADHD group in 11 studies (85%) (Desman, Petermann, & Hampel, 2008; Huang-
Pollock, Mikami, Pfiffner, & McBurnett, 2007; Iaboni, Douglas, & Baker, 1995; Liddle 
et al., 2011; Michel, Kerns, & Mateer, 2005; Oosterlaan & Sergeant, 1998; Shanahan, 
Pennington, & Willcutt, 2008; Sinopoli, Schachar, & Dennis, 2011; Stevens, Quittner, 
Zuckerman, & Moore, 2002; Uebel et al., 2010; Wodka et al., 2007). Thus, it is unlikely 
that the significant interactions as reported in these 4 studies were driven by 
relatively large power, or by relatively large room for improvement in the ADHD 
groups.
 Two factors that may have contributed to the significant interactions include 
contingency management and nature of the reinforcer. As for contingency 
management, most studies that reported significant interactions reinforced 
inhibitory control, while not reinforcing response execution (Konrad et al., (2000), 
Kohls et al., (2009), and Slusarek, Velling, Bunk, & Eggers, (2001) with the exception of 
Rosch et al. (2015). Conversely, the majority of studies that did not report a significant 
interaction reinforced both inhibitory control and response execution (Desman et 
al., 2008; Groom et al., 2010; Huang-Pollock et al., 2007; Iaboni et al., 1995; Liddle 
et al., 2011; Shanahan et al., 2008; Slusarek, Velling, Bunk, & Eggers, 2001; Stevens 
et al., 2002; Uebel et al., 2010; Wodka et al., 2007). It is possible, yet speculative, 
that by selectively reinforcing inhibition, a bias towards inhibition was created and 
participants did not need to make trade-offs between inhibiting and executing 
responses. As a result, participants may have developed a (strategic) style in which 
they favored inhibition over execution. In order to maximize reward, this strategic 
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adaptation might have been applied to a larger extent by the ADHD group than 
controls, leading to an interaction effect. Interestingly, the group by reinforcement 
interaction effect for RT as reported by Scheres et al. (2010) and Kohls et al. (2009) 
may be a reflection of such a “waiting for the stop signal” strategy. In this context, 
the study by Rosch et al. (2015) was the only one reporting a significant interaction 
while also reinforcing both stopping and going. Clearly, the reported interaction was 
not a result of strategic slowing in the ADHD group, as all participants responded 
faster in the reinforcement condition than in the no reinforcement condition. 
Possibly, the very carefully designed reinforcement manipulation turned out to be 
optimal for individuals with ADHD: slow and fast hits were rewarded with 2 and 5 
cents respectively, while correct inhibition preceded by slow and fast go responses 
were rewarded with 6 and 15 points respectively. This is the only study in which (a) 
reward magnitude varies as a function of preceding response prepotency, and (b) 
there is one amount (15 cents) that stands out compared to the other amounts. It is 
possible that this design is what has worked particularly well for those with ADHD. 
For example, Tripp & Wickens (2008) suggested that individuals with ADHD show 
increased effects to unexpected rewards compared with controls. The 15 cents in 
this design could be viewed as unexpected, because it is much larger than the 
other amounts. Therefore, more research is needed in which the effects of different 
reinforcement schedules on inhibition are directly compared with one another. 
 As for nature of the reinforcer, two out of the four studies that reported a 
significant interaction used non-tangible reinforcers (Kohls, Herpertz-Dahlmann, & 
Konrad, 2009; Scheres, Oosterlaan, & Sergeant, 2001). This is contrary to the majority 
of studies in which the points earned were exchangeable for tangible rewards (e.g. 
candy, money, or toys). In the study by Slusarek et al. (2001), the points were not 
representative of any external reward. Interestingly, the study by Kohls et al. (2009) 
also used alternative (non-tangible) reinforcers as they included one condition with 
social rewards (pictures of happy faces) in addition to a condition with monetary 
rewards. Unexpectedly, they found that in comparison to the control condition in 
which uninformative feedback (mosaic pictures after successful and unsuccessful 
no-go trials) were used, social rewards led to a significantly larger improvement 
of inhibition in the ADHD group than in the healthy control group, while monetary 
reward did not. Other research has also suggested that social rewards lead to greater 
improvement in interference control (Geurts et al., 2008) and memory performance 
(Krauel et al., 2007) in individuals with ADHD than healthy controls. Therefore, it is an 
important question for future research to examine further whether inhibitory control 
may be ameliorated more easily in individuals with ADHD by using non-tangible 
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forms of reinforcement, specifically social rewards such as happy faces (but also 
see Demurie et al., 2011). 
 Similarly, only one out of the four studies that reported a significant interaction 
(Slusarek, Velling, Bunk, & Eggers, 2001) used a combination of rewarding 
correct inhibition and punishing false alarms, while the remaining three studies 
only rewarded successful inhibition. Therefore, it is possible yet speculative that 
reinforcement effects on inhibitory control may be especially strong in individuals 
with ADHD when rewards are used in the absence of punishments. Future research 
is needed in order to address this possibility.
 Finally, based on these studies, we identified 3 other factors that may potentially 
be relevant for future studies on the interaction between reinforcement and 
inhibition in ADHD: (1) order effects; (2) the type of control condition that is used; 
and (3) ameliorating versus impairing effects of reinforcement on inhibitory control. 
(1) Although order effects may not have been examined in all experiments, or they 
were examined but did not exist (e.g., Rosch et al., 2015), two studies did report 
reinforcement by order interactions, some of which interacted with group (Huang-
Pollock et al., 2007; Slusarek et al., 2001). Huang-Pollock et al. (2007) demonstrated 
that in contrast to healthy controls and individuals with ADHD-combined type, 
those with ADHD-inattentive type had higher false alarm rates in the second 
block specifically when low followed high reward (Huang-Pollock et al., 2007). 
This suggests that participants of the inattentive subtype may have perceived 
the low reward condition as demotivating when it followed the high reward 
condition. In the study by Shanahan et al. (2008), participants performed more 
poorly (slower RT, more errors on go trials, and slower SSRTs) in the reinforcement 
condition compared to the control condition, but this effect only showed when the 
reinforcement condition followed the control condition. Together, these findings 
indicate a context dependency of reinforcement effects that may affect the ADHD 
group more strongly than the healthy controls. Therefore, future research needs 
to not only counterbalance conditions, but also analyze order effects in order to 
obtain more insight into the role of context on reinforcement by inhibitory control 
interactions.
 (2) In the majority of studies reviewed here, reinforcement conditions were 
contrasted with neutral control conditions in which no feedback at all was used. 
One limitation of neutral control conditions is that it remains unclear to what extent 
differences between reinforcement and control conditions can be attributed to 
the reinforcement per se, or to other related aspects of the reinforcement such as 
salience, level of information about the accuracy of the response, or difficulty level. 
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To address this, Desman et al. (2008) added an extra control condition in which 
informative auditory feedback was provided. They found the effects of auditory 
feedback to be comparable to the reinforced conditions. This suggests that the effect 
of the reinforcement condition may be due to the informative feedback aspect of 
the reinforcement rather than due to the reward itself (but see Desman et al., 2008). 
In sum, we encourage the addition of extra control conditions such as described 
here as a very useful tool that can aid in the interpretation of reinforcement effects 
on inhibitory control, and task performance in general.
 (3) The main methods employed to investigate the interaction between 
reinforcement and inhibitory control in ADHD has been by delivering reward after 
successful inhibition with the goal of ameliorating inhibitory control. However, 
studies using a design which assesses impairing effects of reinforcement on 
inhibitory control are lacking, despite important theoretical contributions in the 
area of cognitive control-reinforcement interactions (Barkley, 1997; Castellanos, 
Sonuga-Barke, Milham, & Tannock, 2006; Sergeant, 2005; Sergeant, Geurts, & 
Oosterlaan, 2002; Sinopoli et al., 2011), and in spite of compelling models that show 
that reward pathways have bottom-up effects on cognitive control (Casey, Jones, & 
Hare, 2008; Haber, 2003; Sonuga-Barke, Sergeant, Nigg, & Willcutt, 2008). Wodka 
et al. (2007) are the only ones so far who used a go/no-go task, which aimed at 
creating a bias towards response execution by rewarding hits with 1 point, and fast 
hits (< 350 ms) with 2 points, and by not reinforcing correct inhibition. False alarms, 
which occur relatively infrequently, resulted in the loss of 2 points. The idea was that 
participants would emphasize response execution because of the extra incentive 
for responding fast, and because of the 3:1 ratio of go versus no-go trials. Therefore, 
this study was unique in that it hypothesized that inhibition would deteriorate in the 
reinforcement condition, especially in individuals with ADHD, due to the emphasis 
on/bias to response execution. As hypothesized, children committed more false 
alarms in the reinforcement condition than the neutral condition, but no significant 
group by condition interaction was found. Potentially, future studies with different 
reinforcement schedules such as including larger reward magnitudes, will. We feel 
that this sort of design is still a very useful one to pursue because of high ecological 
validity (see also Padmala & Pessoa, 2010): in daily life, individuals with ADHD 
typically need to inhibit responses that lead to positive outcomes (e.g., resisting the 
temptation to go and play, in favor of doing homework). 
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Quantitative review of a subset of studies and discussion of the findings
Ten studies were eligible for the meta-analysis (Table 2). There were two highly 
influential outliers (Uebel et al., 2010 and Sinopoli et al., 2011), which enlarged the 
overall effect sizes. Results are therefore presented both with and without these 
two studies. When excluding the influential outliers the total sample size was 
484 (ADHD n = 210; controls n = 274, age-range was 7-18 years). For the effect of 
reinforcement within groups, the meta-analysis demonstrated that reinforcement 
improved response inhibition in both groups. The weighted mean effect size was 
medium in the control group (g = .36, 95% CI [0.31, 0.40]), and large in the ADHD 
group (g = .52, 95% CI [0.42, 0.60]). The results also show that the reinforcement-
induced improvement was larger for the ADHD group than the control group (.52 
versus .36; see Table 3 for weights and effect sizes per study). Heterogeneity was 
small for both the control group (Q = 1.55) and the ADHD group (Q = 5.66). For both 
groups, I2 fell below zero, which translates to an I2 value of 0% (Higgins, Thompson, 
Deeks, & Altman, 2003). When including the influential outliers, the total sample 
size was 724 (ADHD n = 353; controls n = 371; age range 6-18 years). The age range 
was 7 to 18 years. The weighted mean effect size was large in the control group (g 
= 1.01, 95% CI [0.55, 1.47]), and large in the ADHD group (g = 1.36, 95% CI [-0.47, 3.18]). 
Heterogeneity was large for both the control group (Q = 42.70, I2 = 78.92) and the 
ADHD group (Q = 50.12, I2 = 82.04).
 In line with previous meta-analyses (e.g., Willcutt et al., 2005) and inhibition 
deficit models of ADHD (e.g., Barkley, 1997), the between-subjects meta-analysis 
excluding the two outliers demonstrated that the weighted mean effect size of the 
group difference in the control condition was large (g = 0.52, 95% CI [0.48, 0.57]; 
Figure 1A): individuals with ADHD performed more poorly than controls in terms of 
inhibitory control. In reinforcement conditions, the group difference was similar (g 
= .49, 95% CI [0.45, 0.53]; Figure 1B). This indicates that in reinforcement conditions, 
the ADHD group did not reach the same inhibition performance as the control 
group reached during reinforcement. Heterogeneity assessment indicated low 
heterogeneity in the control condition (Q = 5.46) and in the reinforcement condition 
(Q = 1.77). For both conditions, I2 fell below zero, indicating strong homogeneity of the 
study findings. When including the influential outliers between group differences in 
the control condition was large and heterogeneity high (g = 1.33, 95% CI [1.31, 1.36], Q 
= 27.12, I2 = 66.81). For the reinforcement condition group differences were also large 
but slightly decreased (g = 1.04, 95% CI [0.62, 1.47], Q = 41.12, I2 = 78.17).
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Finally, when excluding the two outliers and comparing inhibitory control of the 
ADHD group during reinforcement with inhibitory control of the control group 
during control conditions, the confidence intervals contained zero, indicating that 
the group differences were no longer significant (g = 0.08, 95% CI [-0.03, 0.19], Q 
= 0.05, I2 < 0; Figure 1C). This shows that during reinforcement, individuals with 
ADHD normalized to the “baseline” level of controls. This finding was similar when 
including the influential outliers).
Table 3 | Effect sizes
Study Weight %
Cohen’s dav
controls
Cohen’s dav
ADHD
Rosch et al., 2015 13.75 0.97 0.89
Groom et al., 2010 11.89 0.37 0.61
Kohls, et al., 2009 7.46 1.23 1.92
Desman, et al., 2008 8.86 0.27 0.14
Shanahan, et al., 2008 12.82 -0.35 -0.20
Huang-Pollock, et al., 2007 21.45 0.19 0.10
Scheres, et al., 2001 15.15 0.19 0.23
Konrad, et al., 2000 8.62 0.32 0.86
Effect sizes and weights for each study, excluding influential outliers. 
CC = control condition; RC = reinforcement condition; SSRT= stop signal reaction time; 
FA= false alarm rate; Cohen’s dav indicates the within subjects effect size.
In summary, when observing studies separately there was no consistent evidence 
for reinforcement manipulations to affect the performance of individuals with ADHD 
differentially from controls. However, when quantifying the studies in meta-analyses 
a pattern emerged indicating that reinforcement ameliorates response inhibition in 
individuals with ADHD more than in controls and may normalize their performance 
to the baseline level of controls. Given the very low heterogeneity of the meta-
analyses when excluding two influential outliers, it is not likely that systematic 
differences between studies account for heterogeneity. Most studies used a similar 
age range and IQ thresholds. Taken together, these findings endorse the notion that 
incorporating reinforcement schedules in ADHD treatment is effective (e.g., Fabiano 
et al., 2009), and is commonly recommended in combination with medication (e.g., 
Fabiano et al., 2007).
 Based on the above overview, we suggest that future research focuses on the 
following questions: “Under which circumstances does reinforcement improve 
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inhibitory control to a larger extent in individuals with ADHD relative to controls?”, 
and “Which individual factors contribute to these effects?”. As promising factors to 
focus on, we suggest varying contingency managements (e.g., reward magnitudes), 
and using various types of rewards in addition to monetary ones, especially social 
rewards. Furthermore, we recommend that order effects are carefully considered, 
and that additional control conditions (such as feedback but no reward) are 
included. Additionally, studying detrimental effects of reinforcement on inhibitory 
control may increase ecological validity in certain respects and might capture more 
of the heterogeneous behaviors as observed in those with ADHD. Finally, adding 
a separate baseline assessment to the typical design of comparing reinforcement 
with neutral conditions has proven to be useful too: Fosco et al. (2015) demonstrated 
that the significant condition (reinforcement/neutral) by group interaction was not 
simply due to children with ADHD having more room for improvement in baseline 
inhibition. Rather, the larger effect of reward on inhibition in children with ADHD 
relative to controls was associated with greater sensitivity to reward as measured 
with questionnaires. Therefore, including baseline assessments and measures of 
individual differences in reward sensitivity is a very useful addition for future studies.
FUNCTIONAL NEUROIMAGING RESEARCH
Neuroimaging techniques can be applied to provide insight into the neural 
correlates associated with reinforcement and inhibition interactions. However, to 
our knowledge, there are no functional neuroimaging studies on how reward affects 
inhibition directly in ADHD. Nonetheless, there are two studies in which such effects 
were addressed indirectly, the findings of which will be discussed here. Secondly, in 
order to set up guidelines for future functional neuroimaging research in individuals 
with ADHD, we will discuss a number of relevant functional neuroimaging studies 
on the interaction between reinforcement/motivation and inhibitory control in non-
ADHD samples, as these may guide future research directions in the field of ADHD. 
Functional neuroimaging in ADHD populations
Neuroimaging techniques can be applied to provide insight into the neural correlates 
associated with reinforcement and inhibition interactions in individuals with ADHD. 
Liddle et al. (2011) revealed that children with ADHD show a higher motivational 
threshold (i.e., require more reinforcement) to normalize default mode network 
deactivation during a reinforced go/no-go task (Liddle et al., 2011). The default 
mode network is active during resting state and deactivates during engagement in 
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a cognitive task (Greicius, Krasnow, Reiss, & Menon, 2003). Furthermore, Groom et al. 
(2010) demonstrated that in children with ADHD, event-related potentials associated 
with inhibition and attention are reduced in a non-reinforced condition of a go/no-
go task and normalized to the baseline of the control group during reinforcement 
(Groom et al., 2010). Others have focused on investigating task-independent resting 
state functional connectivity in individuals with ADHD (see for reviews Castellanos 
& Proal, 2012; De La Fuente et al., 2013). Particularly relevant to reinforcement and 
cognitive control interaction studies is the finding that in children with ADHD, the 
superior parietal cortex (involved in attention processing) shows lower connectivity 
with the orbitofrontal cortex and dorsal precuneus while the orbitofrontal cortex 
shows stronger connectivity with the ventral striatum, suggesting alterations in the 
interaction between (attention) control and reinforcement processing networks 
(Tomasi & Volkow, 2012). Although these studies are promising, neuroimaging 
research on how reinforcement affects inhibition directly in ADHD is lacking. 
Therefore, designs that turned out to be effective in improving inhibition to a larger 
extent in ADHD than controls (e.g., Rosch et al., 2015) could be used in combination 
with fMRI research in order to gain insight into the neural correlates of these effects. 
Additionally, we will discuss a number of relevant neuroimaging studies on the 
interaction between reinforcement/motivation and inhibitory control in non-ADHD 
samples that might also help in guiding future research directions in the field of 
ADHD. 
Functional neuroimaging in healthy populations
One example of a functional neuroimaging study design that is applicable to the 
study of reinforcement-inhibition interactions in ADHD are fMRI studies that make 
use of emotional go/no-go tasks. These tasks are suitable for examining the 
neural correlates of social reinforcement effects on inhibitory control and may be 
particularly relevant here because social reward could be powerful for individuals 
with ADHD (see before). Additionally, these tasks allow for measurement of both 
the ameliorating and detrimental effects of social reward on inhibition within the 
same task (ameliorating effects: sad/angry no-go trials; detrimental effects: happy 
no-go trials). A developmental fMRI study with typically developing participants 
revealed that adolescents show hyper-responsivity of the ventral striatum when 
viewing happy faces compared to the other age groups (Somerville, Hare, & 
Casey, 2010). Functional connectivity analyses further revealed that adolescents 
showed co-activation of ventral striatum and dorsal striatum, and of dorsal striatum 
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and right inferior frontal gyrus, a region strongly implicated in inhibition (Aron et 
al., 2003). These are relevant regions of interest, because they have also been 
shown to play an important role in ADHD (e.g., Cortese et al., 2012). Similarly, in 
healthy adults, a stop task in which a bias to response execution was created by 
rewarding fast and accurate response execution (Padmala & Pessoa, 2010). Activity 
in regions including inferior frontal cortex and putamen decreased during the 
reward condition as compared to the neutral condition. It is an empirical question 
how reinforcement manipulations as used in this study will affect inhibitory control 
in individuals with ADHD, both at the behavioral and the neural level. One may 
hypothesize that rewarding response execution will exacerbate already present 
inhibition deficits and associated hypo-activation in prefrontal areas in individuals 
with ADHD. Clearly, paradigms such as the ones described here in combination 
with connectivity analyses would be an excellent starting point when examining 
impairing effects of reinforcement on inhibitory control in individuals with ADHD. 
Thirdly, reinforced anti-saccade tasks (e.g., Geier, Terwilliger, Teslovich, Velanova, 
& Luna, 2010; Padmanabhan et al., 2011) offer a promising approach because 
these allow for investigation of neural activity during the incentive cue, response 
preparation, and response phase separately. This can help elucidating the effects 
of reinforcement on differential aspects of inhibition. Finally, in order to determine 
whether reinforcement effects and inhibitory control are truly integrated at the neural 
level, the type of analyses as well as the specific task designs used in fMRI studies 
can be a crucial tool. Reinforcement and inhibitory control would be truly integrated 
when certain brain regions activate uniquely in response to reinforcement, others 
uniquely to inhibition, and yet others uniquely to their interaction (Gray, 2004). Clever 
designs such as the ones developed by Gray, Braver, & Raichle (2002) could be 
applied to inhibition tasks in individuals with ADHD in order to test the hypothesis 
that ADHD-control differences in interaction-related brain activation will be present.
THEORETICAL MODELS:  
IMPLICATIONS FOR STUDYING THE INTEGRATION OF 
REINFORCEMENT AND COGNITIVE CONTROL IN ADHD
In this section we will briefly describe 3 theoretical models of ADHD and some of 
their implications for future behavioral work on inhibition-reinforcement interactions 
in ADHD. Next, we will briefly describe 3 neurobiological models on the integration 
of reinforcement and cognitive control, and how these may aid in the formulation of 
neural hypotheses for future functional neuroimaging ADHD studies. 
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Reinforcement models of ADHD
Dynamic developmental theory
The dynamic developmental theory (DDT) by Sagvolden et al. (2005) hypothesizes 
that altered meso-limbic dopamine responsivity is associated with ADHD, causing a 
steeper decrease of the power of reinforcement over time. This is thought to result 
in relatively strong preferences for small immediate rewards (Sonuga-Barke et al., 
1992), and relatively weak impact of the omission of reinforcement on behavior 
(slower extinction). For the study of inhibition-reinforcement interactions in ADHD, 
one would predict that effects of reward on inhibition would need to be delivered 
immediately after the successful inhibition, in order for these to work optimally. 
Future research could implement designs in which the time between successful 
inhibition and reward varies. If timing is indeed crucial, as suggested here, then one 
would expect that the weakening of reward effects as a function of delay would be 
stronger in individuals with ADHD than controls. If, on the other hand, reward is more 
important in individuals with ADHD than timing of the reward, then these weakening 
effects would be comparable for both groups. One study did compare effects of 
immediate versus delayed reward on inhibition in a small sample of children with 
ADHD and controls (Michel et al., 2005). Unfortunately, the task manipulation did 
not work (i.e., small and immediate rewards had comparable effects), as noted by 
the authors possibly due to too short delays and the use of fixed condition orders. 
Future research could study this further by implementing the helpful suggestions 
as made by Michel and colleagues. Finally, the DDT also predicts that the positive 
effects of reinforcers on inhibition should be maintained longer in those with ADHD 
than controls after omitting them. Future research can test this hypothesis.
Dopamine transfer deficit theory
The dopamine transfer deficit (DTD) theory (Tripp & Wickens, 2008) proposes that 
ADHD is associated with altered anticipatory firing of dopamine cells to cues that 
predict reinforcement. Based on the seminal work by Schultz, Dayan, and Montague 
(1997), this theory assumes that when an unconditioned stimulus (the reward) 
repeatedly follows a conditioned stimulus (the predictor), dopamine neurons not 
only fire in response to reward delivery, but also begin firing in response to the 
predictor. Once the reward-predictor association has been established, these cells 
fire only in response to the predictor. According to the DTD theory, the transfer in 
firing from reward outcome to reward predictor does not, or only partially take place 
in individuals with ADHD. As a result, a predictor will not be as powerful in triggering 
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reward anticipation in those with ADHD, and once a reward is delivered, it may seem 
more unexpected to those with ADHD than controls. Applying this to reinforcement-
inhibition interactions, one can imagine that for participants with ADHD, a reward 
that is delivered after successful inhibition may be relatively unexpected, as they 
may not learn the association between stop-trial and possible reward optimally. 
Therefore, in order to make the reward more powerful for individuals with ADHD, it 
could help to use a reinforcement condition in which the information about potential 
reward is already included in the stimulus display (e.g., one could use background 
colors to distinguish reinforcement from neutral blocks or trials, or the stimulus 
itself could be accompanied by a $ sign, etc.). Additionally, reward magnitudes 
could be varied around a mean as to increase unexpectedness, which may have 
more impact for those with ADHD.
Unifying theory
Barkley’s unifying theory (1997), predicted that individuals with ADHD have a 
decreased capacity to induce drive or motivational states, and that as a result, those 
with ADHD will have a larger dependency on external reinforcers that influence 
motivation than controls. Although the evidence in this review seems to support 
this notion (individuals with ADHD, while being reinforced, normalized to controls’ 
“baseline” performance), it is still unclear to what extent individuals with ADHD may 
improve inhibitory control when intrinsic motivation is supported (Ryan & Deci, 2000). 
It would be very interesting to directly compare the effects of external reinforcers 
on inhibition with intrinsic motivation in individuals with ADHD and healthy controls. 
Neurobiological models of reinforcement-cognitive control integration
Non-reciprocal loops
Animal work has revealed dopamine dependent neuroanatomical constructs of the 
integration of reward and cognitive control. These are comprised of nonreciprocal 
frontostriato-nigral networks in which information is channeled from ventromedial 
frontostriatal structures (implicated in reward processing) to more dorsolateral 
frontostriatal circuits (implicated in cognitive control) to motor-related frontostriatal 
loops (Haber, 2003). This model proposes a bottom-up hierarchy of how reward 
influences cognitive control, which in turn regulates motor output. The implications 
of Haber’s model are highly applicable to ADHD models and have been suggested 
to help elucidate the neural correlates of the heterogeneous symptoms (Castellanos 
et al., 2006). Specifically, ventromedial-ventrostriatal as well as medial and orbital 
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prefrontal cortex dysfunction may account for ‘hot’ motivational impairment, in 
turn affecting goal-directed behavior mediated by the dorsal striatum-dorsolateral 
prefrontal cortex loop and motor behavior in ADHD-combined type. On the other 
hand, intact reinforcement processing areas, but compromised dorsolateral 
prefrontal cortex and motor areas may account for ‘cool’ cognitive control 
impairments, which may be more strongly associated with ADHD-inattentive 
symptoms (Castellanos et al., 2006). Therefore, this model provides a framework 
in which future fMRI research on reinforcement-inhibitory control interactions 
in ADHD may be embedded. For example, fMRI may be applied to recruit these 
pathways by using hot and cool conditions within inhibitory control tasks and study 
the relation between pathway activation and the symptom domains inattention and 
hyperactivity-impulsivity. Additionally, this framework may be used in designing 
fMRI studies that assess both ameliorating and impairing effects of motivation on 
inhibitory control (see Aarts, van Holstein & Cools, 2011).
Dual competition framework
Pessoa (2009) argues that distinct subcomponents of cognitive control (e.g. inhibition, 
shifting and updating) compete with one another for attention resources. A similar 
competition takes place in the visual cortex for sensory representation. The dual 
competition framework proposes reinforcement, motivation and emotion to direct 
information flow of cognitive control and perception. Concretely, the model states 
that reinforcement, motivation, or affect recruit the anterior cingulate cortex (ACC) via 
its connections with the amygdala, ventral striatum and orbitofrontal cortex (Pessoa, 
2009; Pessoa, Padmala, Kenzer, & Bauer, 2012). The ACC directs attention towards 
motivationally salient stimuli (reinforced stimuli) through connections with the 
inferior frontal gyrus and dorsolateral prefrontal cortex. Reinforced stimuli become 
enhanced in their perceptual representation. These enhanced representations 
receive increased attention (for example to their spatial location). The competition-
aspect comes into play when highly reinforced or motivational events occur. During 
such events, attentional resources are made available for processing of stimuli with 
high motivational significance while detracting/depleting resources from other 
cognitive control components. 
 Based on the dual competition framework, an interesting target brain area for 
further research is the ACC. In individuals with ADHD, this brain area has been found 
to be decreased in volume (Makris et al., 2007), under-activated during cognitive 
control tasks (Bush et al., 1999; Tamm, Menon, Ringel, & Reiss, 2004), and to have an 
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abnormal functional connectivity with the default mode network (Sun et al., 2012b). 
From the dual competition framework, it follows that impaired ACC functioning 
potentially leads to inappropriate regulation of motivational significance in ADHD. 
For example, strongly reinforced stimuli may detract attention from cognitive 
control more in those with ADHD. One direction for further research that can be 
derived from this model is to target the anterior cingulate cortex and its connectivity 
with the ventral striatum in ADHD. However, caution is warranted, as ACC function is 
highly complex and only few studies have explicitly aimed at exploring the role of 
the anterior cingulate cortex in ADHD (Bledsoe, Semrud-Clikeman, & Pliszka, 2013; 
Fan, Gau, & Chou, 2014; Sun et al., 2012a). 
Dual processing
Dual processing models (Casey et al., 2008) argue that striatal reward processing 
areas drive impulsive, immediate rewarding actions, whereas a prefrontal control 
system regulates behavior in favor of long-term goals (Metcalfe & Mischel, 1999; 
Zelazo & Müller, 2002). The interaction between these systems is thought to drive 
behavior. However, both systems show different developmental patterns. That is, 
subcortical, reinforcement processing structures, such as the striatum, are shown to 
mature earlier compared to the prefrontal cortex, resulting in an imbalance between 
cognitive control and reinforcement processes particularly in adolescence (e.g. 
Giedd, 2004; Gogtay et al., 2004; Mills et al., 2014; Tamnes et al., 2010). Specifically, 
the immaturity of the prefrontal cortex, combined with a relatively early maturing 
limbic system, is linked to the increase in risk taking and reward-sensitivity that 
is observed in adolescence, compared to childhood and adulthood (Casey et al., 
2008; Somerville et al., 2010). Extensions of this model highlight that developmental 
neuroimaging studies do not fully support a simple model of frontal cortical 
immaturity (Crone & Dahl, 2012; Pfeifer & Allen, 2012). For instance, it is proposed 
that neurodevelopmental changes in the interactions between motivational and 
control-systems may lead to less automatic and more flexible cognitive control 
allocation in adolescence.
 According to the dual processing model, this imbalance in prefrontal and 
subcortical structures is most prevalent in adolescence, leading to typical 
adolescent behaviors, among which heightened impulsivity (Casey et al., 2008). 
As ADHD is partly characterized by heightened levels of impulsivity, as well as 
by relatively weak cognitive control and altered reward sensitivity, it is relevant to 
study the balance in maturity between the prefrontal cortex and the limbic system 
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in relation to the interaction between cognitive control and reinforcement effects in 
individuals with ADHD, using designs similar to the ones as used in the adolescent 
neurodevelopmental literature. Evidently, because symptom persistence of 
ADHD seems to be sensitive to developmental changes (individuals with a 
childhood diagnosis of ADHD show 15% full and 65% partial remission in adulthood, 
Faraone, Biederman, & Mick, 2006), taking on a developmental perspective is 
therefore informative of the developmental changes associated with the disorder. 
Neuroimaging studies in healthy controls have shown volume decreases in the 
caudate with age while in ADHD no age-related changes were reported (Castellanos 
et al., 1994). Besides structural development of the striatal and frontal cortex as 
separate entities, deviant functional and structural frontostriatal connectivity have 
been implicated in ADHD (for a review see Liston, Cohen, Teslovich, Levenson, & 
Casey, 2011). However, longitudinal research is needed to adequately investigate 
the potential role of an imbalanced striatum and prefrontal cortex development and 
their connectivity, in hot forms of cognitive control in ADHD.
SPECIFICITY
Disorder specificity
It should be noted that hot cognitive control abnormalities in ADHD may be 
associated with comorbid behavioural disorders such as oppositional defiant 
disorder and conduct disorder. This notion arises from studies that have employed 
a rewarded continuous performance task (a rewarded sustained attention task) 
combined with fMRI (Rubia et al., 2009b). Here, the rewarded target trials were 
contrasted against the neutral target trials and abnormal activation of orbital frontal 
areas was only found in patients with pure conduct disorder, but not in patients 
with pure ADHD. In another study, adults with persisting ADHD symptoms showed 
hypoactivation in the right ventromedial prefrontal cortex/orbitofrontal cortex and 
in the right medial and superial frontal cortices compared to controls (Cubillo, Halari, 
Smith, Taylor, & Rubia, 2012). Post-hoc analyses illustrated that abnormal activity 
in VMPFC/orbitofrontal cortex was only found in those patients with comorbid 
conduct disorder. Only one other study focused on the effects of motivation on 
cognitive control in individuals with ADHD and another clinical group, namely those 
with autism spectrum disorders (Geurts, Luman, & Van Meel, 2008). Interestingly, 
the results indicated that participants with ADHD benefited more from social 
motivation than those with autism spectrum disorder on an interference control 
task. However, when directly comparing monetary to social rewards, Demurie et al. 
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(2011) found that children with ADHD had similar reaction times to healthy controls 
during a monetary reward condition, but children with ADHD were relatively slow 
during the social reward condition. The autism spectrum disorder group, on the 
other hand, was slower than healthy controls in both reward conditions, although 
this group difference was most pronounced in the social reward condition. In sum, 
the question of specificity clearly warrants further investigation: more research is 
needed with multiple clinical groups before we can draw conclusions as to what 
extent unique motivation-cognitive control interactions are related to ADHD, or 
more commonly observed in other (comorbid) clinical conditions.
Cognitive control domain specificity
The causal model of ADHD by Barkley (1997) proposes that difficulties in inhibitory 
control form a core deficit, which in turn leads to secondary impairments in other 
cognitive-control domains, giving rise to ADHD symptoms. Additionally, in the meta-
analytic review by Willcutt et al. (2005), it is shown that response inhibition yields 
one of the most consistent group differences between ADHD and controls (82% 
of all studies) of cognitive control domains. Based on these grounds, this review’s 
main focus is on response inhibition. However, other domains of cognitive control 
are also compromised in ADHD. Specifically, working memory, sustained attention 
(vigilance) and planning yield similar effect sizes as response inhibition (Willcutt et 
al., 2005; 2008). Reinforcement effects on working memory and sustained attention 
have been addressed in a number of studies. Generally, the studies on working 
memory found that children with ADHD improved more relative to controls when 
reinforcers were administered (Dovis et al., 2012; Dovis et al., 2013; Strand et al., 
2012). For sustained attention, such an altered effect of reinforcement in the ADHD 
group was absent (Rubia, Smith and Taylor, 2007; Rubia et al., 2009b; Rubia et 
al., 2009c but see Bubnik et al., 2015 for an exception). Based on these studies, it 
will be interesting to directly compare reinforcement effects on inhibitory control 
and working memory/sustained attention within the same individuals, in order to 
address the question whether those with ADHD are generally more sensitive to 
rewards (if this is the case, the ADHD group would improve to a larger extent than 
controls under reinforcement on all cognitive control tasks), or whether the unique 
ADHD-related improvement under reinforcement is specifically related to one of 
the domains. 
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Task specificity: detrimental effects of reward
In this review, we have highlighted that when response execution is associated with 
potential rewards in an inhibition task (stop signal task), this can lead to decrements 
in inhibitory control, as has been shown in healthy adults. We have suggested that 
it is highly relevant for the ecological validity of inhibitory control studies in ADHD 
to investigate the detrimental effects of reinforcement on inhibitory control aside 
from the positive effects. It may be argued that such detrimental consequences of 
rewards on inhibitory control are also measured in temporal discounting and risky 
decision tasks. Temporal discounting refers to the decrease of the subjective value 
of a reward as the delay to obtain that reward increases. In temporal discounting 
tasks participants choose between an immediate small reward and a larger but 
delayed reward, and thus the tendency to select the immediate reward needs to 
be inhibited in favor of the larger delayed reward when someone wants to maximize 
their gains. Temporal discounting has been shown to be relatively strong in those 
with ADHD, indicating a stronger preference for immediate rewards in ADHD groups 
than controls (Sonuga-Barke et al., 2008 and Sonuga-Barke et al., 2010). Risk-taking 
paradigms typically consist of choices between options with a different probability 
of reward. For instance, a risk-taking paradigm may present the choice between a 
‘safe’ option (i.e., a small sure reward) and a ‘risky’ option (i.e., a gamble with a certain 
probability of obtaining a larger reward or a negative outcome). A recent review by 
Groen and colleagues (2013) revealed that children and adolescents with ADHD 
displayed more risky behavior than controls in 50% of the studies. Both temporal 
discounting and risk taking studies are thus in support of the idea that the presence 
of rewards may impair inhibition, especially in ADHD groups. It should be noted, 
however, that temporal discounting and risk taking are distinct constructs from 
motor inhibition as measured with stop or go/no-go tasks (e.g., Bari and Robbins, 
2013 and Robbins et al., 2012). Typically, for temporal discounting the relationship 
with motor inhibition is absent, including in ADHD populations (Solanto et al., 2001 
and Sonuga-Barke et al., 2010). Also, the role of inhibitory control in risk-taking is 
inconsistent (e.g. Brevers et al., 2012, de Water et al., 2014 and Geurts et al., 2006). 
In sum, future investigations of detrimental effects of rewards on motor response 
inhibition specifically are encouraged.
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CONCLUSION
Reinforcement and cognitive control interactions reflect daily life conditions and 
this interplay is increasingly studied in typically developing populations as well as 
in psychiatric disorders. The current review and meta-analyses demonstrated that 
youth with ADHD benefited more from reinforcement contingencies than healthy 
controls on inhibitory control tasks. Meta-analyses further demonstrated that youth 
with ADHD may normalize inhibitory control during reinforcement to the baseline 
performance level of controls. These findings endorse the use of reinforcement 
schedules as ADHD treatment.
 We recommend future behavioral research to focus on under which 
circumstances this interaction takes place (e.g., varying reinforcement schedules 
including magnitude and expectancy and reward type), which individual differences 
contribute to these interactions (e.g., questionnaire-based reward sensitivity) and 
direct comparison of the effects of external reinforcers versus intrinsic motivation. 
Furthermore, special attention needs to be given to extra control conditions and 
order effects, as well as detrimental effects of reward on inhibitory control.
 Neuroimaging can complement behavioral studies, because altered neural 
responses to both inhibitory control and reward are clearly associated with ADHD. 
FMRI studies could start out by using designs that have proven to be effective in 
showing group by condition interactions. Neurobiological models can be used to 
identify certain regions (e.g., ACC) or networks (e.g., ventromedial and dorsolateral 
frontostriatal circuitries) of interest while studying this relevant interaction in 
individuals with ADHD. 

Does an attention bias to appetitive 
and aversive words modulate 
interference control in 
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ABSTRACT
Interference control refers to the ability to selectively attend to certain information, 
while ignoring distracting information. This ability can vary as a function of distractor 
relevance. Distractors that are particularly relevant to an individual may attract more 
attention than less relevant distractors. This is referred to as attention bias. Weak 
interference control and altered reward sensitivity are both important features of 
ADHD. However, interference control is typically studied in isolation. This study 
integrated both. Youth (9-17 years) with ADHD (n = 37; 25 boys) and controls (n = 38; 20 
boys) completed a Stroop task using appetitive words and matched neutral words 
to assess whether appetitive distractors diminished interference control more in 
youth with ADHD than controls. In order to test for specificity, aversive words were 
also included. As expected, appetitive words disrupted interference control, but 
this effect was not stronger for individuals with ADHD than controls. Aversive words, 
on the other hand, facilitated interference control. Dimensional analyses revealed 
that this facilitation effect increased substantially as a function of ADHD symptom 
severity. Possible mechanisms for this effect include up-regulation of interference 
control as a function of induced negative mood, or as a function of increased effort. In 
conclusion, appetitive words do not lead to worse interference control in youth with 
ADHD compared with controls. Interference control was modulated in a valence-
specific manner, concurrent with mood-induced effects on cognitive control. 
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INTRODUCTION
Attention Deficit Hyperactivity Disorder (ADHD) is a prevalent developmental 
disorder, affecting about 5% of school aged children worldwide (Polanczyk & Rohde, 
2007) and characterized by age-inappropriate high levels of inattention and/or 
hyperactivity/impulsivity (APA, 2000, 2013). It is associated with impaired cognitive, 
social, and academic functioning (Barkley, Anastopoulos, Guevremont, & Fletcher, 
1991; Dopheide & Pliszka, 2009). 
 Impaired inhibitory control has been suggested to be one of the key cognitive 
characteristics associated with ADHD (Barkley, 1997). Interference control, a form of 
inhibition, refers to the ability to suppress distraction by stimuli that are irrelevant for 
the task at hand. Interference control is typically assessed with Stroop Color-Word 
tasks (Stroop, 1935). Meta-analyses of this task show that interference control is 
indeed compromised in ADHD, yet effect sizes are small (Lansbergen, Kenemans, & 
van Engeland, 2007; van Mourik, Oosterlaan, & Sergeant, 2005; also see van Mourik 
et al. 2007). This may be unexpected, because age-inappropriate high distractibility 
is one of the main DSM-criteria for ADHD (APA, 2000, 2013).
 One potential explanation is the fact that the standard Stroop task uses “neutral” 
distractors (color words), which do not carry extra relevance to individuals with ADHD. 
In contrast, the well-established attentional bias Stroop task requires participants to 
name the font colors while ignoring the semantics of disorder-relevant distractors 
(words). Specifically, words referring to connotations relevant to the individual, have 
been demonstrated to cause more interference than neutral words (Mathews & 
MacLeod, 1985). This concept has been widely applied to investigate psychiatric 
disorders (see Bar-Haim, Lamy, Pergamin, Bakermans-Kranenburg, & Van 
Ijzendoorn, 2007; Williams, Mathews, & MacLeod, 1996 for reviews). These studies 
confirm that in anxiety and mood disorders or alcohol dependence, disorder-
related words caused more interference in patients than in healthy control groups. 
This is typically interpreted as an attentional bias towards disorder-relevant cues 
(e.g., the word “alcohol” attracts more attention than the word “table” from someone 
who is alcohol dependent than from someone who is not). Attentional biases in 
psychiatric disorders are thought to play an important role in the persistence of 
the disorder (see for review and meta-analysis Field & Cox, 2008; Field, Munafò, & 
Franken, 2009). 
 In addition to relatively weak inhibitory control, altered motivation has been 
theorized to play a key role in ADHD (e.g., Barkley, 1997; Haenlein & Caul, 1987; 
Sagvolden et al., 2005; Sonuga-Barke, 2005; for empirical reviews see Luman et 
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al., 2005, 2010). A recent meta-analysis on experimental studies demonstrated 
that children with ADHD show impaired inhibitory control during non-reinforced 
conditions, and reinforcing correct inhibition lead to normalization of inhibition to the 
baseline level of performance of controls in children and adolescents with ADHD 
(Ma, van Duijvenvoorde, & Scheres, 2016). In addition, Geurts et al. (2008) indicated 
larger positive effects of social motivation on interference control in children with 
ADHD compared with controls. Together, these studies suggest that inhibition and 
interference control deficits in youth with ADHD may be modulated by motivation. 
 However, interference control deficits in individuals with ADHD are only small to 
moderate when measured with Stroop tasks (containing abstract, neutral distractors, 
i.e., color words) (e.g., Lansbergen et al., 2008; van Mourik et al., 2005). One factor 
which potentially contributes to this modest effect size is the use of neutral distracters. 
Instead, multiple studies have shown that healthy individuals are less successful in 
ignoring or inhibiting their response to a stimulus when that stimulus has appetitive 
properties compared with when it has neutral properties (e.g., Krebs et al., 2010; Mogg, 
Bradley, Hyare, & Lee, 1998; Somerville, Hare, & Casey, 2011). Individuals who show 
reduced cognitive control may be specifically susceptible to respond to appetitive 
stimuli. For example, individuals with low cognitive control show more unhealthy 
food intake when hungry compared with individuals with higher cognitive control 
(Nederkoorn, Guerrieri, Havermans, Roefs, & Jansen, 2009). The question arises 
whether the interference control deficit in individuals with ADHD can be exacerbated 
when appetitive distractors are used. Because of the relationship between ADHD 
and altered motivation, we investigated whether motivational words (appetitive and 
aversive) are more distracting/detrimental to interference control in children and 
adolescents with ADHD compared with controls. The use of such disorder-related 
distractors in a Stroop task increases task validity and we hypothesized that it would 
enhance the ability to discriminate between ADHD and control groups. Due to the 
altered reward-sensitivity that is associated with ADHD, we expected that using 
appetitive words as distractors would increase distractibility compared with neutral 
words, especially in individuals with ADHD. In order to examine valence specificity, 
we additionally compared aversive words with neutral words. While in absolute 
terms, classic Stroop color-word tasks lead to more interference than attentional 
bias Stroop tasks, which include non-color-words, we investigate here whether 
appetitive/aversive distractor words in the Stroop task better distinguishes between 
ADHD and control groups than neutral distractor words.
 As there is increasing awareness that the field of psychiatry benefits from using 
dimensional approaches (e.g., Hyman, 2007; Robbins et al., 2012), we additionally 
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examined the relationship between ADHD symptom dimensions (inattention and 
hyperactivity/impulsivity) and the effects of appetitive/aversive distractors on 
interference control. An additional reason for using this approach is that it enables 
us to examine the effects of ADHD symptom dimensions separately. This is relevant 
because altered motivation in ADHD may be more strongly associated with 
hyperactivity/impulsivity than inattention (e.g., Castellanos et al., 2006; Scheres et 
al., 2010).
 We hypothesized that (1) individuals with ADHD would demonstrate weaker 
interference control than typically developing controls, (2) attentional bias to 
motivational cues (appetitive words) would be detrimental to interference control, 
and (3) that this effect would be exacerbated in individuals with ADHD/higher levels 
of hyperactivity/impulsivity. 
METHODS
Participants and Selection Procedure
Ninety children and adolescents with and without ADHD between 9 and 17 years 
were screened. Participants with ADHD were recruited via the child and adolescent 
psychiatry department at Radboud UMC in Nijmegen, The Netherlands. Control 
participants were recruited via local advertisements, and schools. 
 Clinical assessment was conducted as follows: All participants with ADHD 
were previously diagnosed by accredited clinical psychologists/psychiatrists, 
who based their diagnostic decision on a combination of observations, interviews, 
and questionnaires obtained from both parents and teachers. Furthermore, the 
diagnosis of ADHD was re-confirmed at the time of the study using a structured 
parent interview; the diagnostic interview schedule for children (DISC–IV) (Shaffer, 
Fisher, Lucas, Dulcan, & Schwab-Stone, 2000). Children who did not meet clinical 
ADHD criteria on the DISC-IV were excluded from the study (n=5). The Dutch version 
of the child behavior checklist (CBCL; Achenbach & Edelbrock, 1991) was included 
as additional screening instrument. Participants with ADHD who met psychiatric 
disorder criteria other than ADHD on the DISC-IV or CBCL were not included (n=4), 
with exception of participants with ADHD with comorbid oppositional defiant 
disorder (ODD n=9; comorbid CD did not occur in this sample) because of the high 
comorbidity rate. The disruptive behavior disorder rating scale (DBDRS; Oosterlaan, 
Scheres, Antrop, Roeyers, & Sergeant, 2000) was used as descriptive instrument 
(Table 1). Children with ADHD who used psychotropic medication other than 
psychostimulants were excluded from participation, and those who were using 
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psychostimulants (n=20) discontinued their medication 24 hours prior to testing 
(Greenhill, 1998)
Table 1 | Participant characteristics
Controls 
(n = 38; 20 boys)
ADHD 
(n = 37; 25 boys)
Variable Mean, SD Mean, SD
Group 
difference
Age 13.24 ±2.32 12.62 ±2.41 p=.263
Estimated IQ 107.55 ±14.47 101.89 ±12.03 p=.091
aDBDRS (parents)
   Inattention 10.44 ±.93 15.18 ±1.60 p<.01
   Hyperactivity/
   Impulsivity
10.38 ±1.02 14.48 ±2.09 p<.01
   ODD 10.82 ±1.38 12.94 ±1.62 p<.01
   CD 11.44 ±1.46 12.02 ±1.85 p<.05
bCBCL (T-scores)
   Anxious 51.06 ±2.00 55.82 ±6.57 p<.01
   Withdrawn 52.49 ±2.77 56.18 ±6.17 p<.01
   Somatic complaints 53.23 ±4.26 57.70 ±8.11 p<.05
   Social problems 51.43 ±2.44 59.21 ±8.24 p<.01
   Thought problems 52.63 ±3.66 61.85 ±8.37 p<.01
   Attention problems 51.40 ±2.17 66.85 ±7.17 p<.01
   Rule-breaking
   behaviour 
52.06 ±3.55 57.67 ±7.26 p<.01
  Aggressive behaviour 50.69 ±1.94 61.27 ±7.71 p<.01
CBCL DSM scales (T-scores)
  Affective problems 52.63 ±3.08 59.39 ±12.24 p<.01
  Anxiety 50.18 ±1.97 57.18 ±6.05 p<.01
  Somatic complaints 52.63 ±4.19 57.06 ±7.88 p<.05
  ADHD 51.37 ±3.20 70.03 ±5.92 p<.01
  ODD 51.43 ±3.15 59.85 ±8.33 p<.01
  CD 51.31 ±2.61 58.15 ±6.26 p<.01
aDisruptive behavior disorders rating scale (Pelham, Gnagy, Greenslade, & Milich, 1992). 
Standardized scores ranging from 10 to 19. For healthy non-ADHD individuals average score is 10±3. 
bChild behavior checklist. Alpha = .05
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Controls were excluded if they met criteria for psychiatric disorders on the DISC-IV, 
DBDRS or CBCL (n=2). Participants in both groups were required to have an estimated 
IQ>75 based on the vocabulary and block design of the Dutch Wechsler intelligence 
scale for children (WISC-III; Kort et al., 2002) (excluded n=4). This estimation has 
an acceptable reliability and correlates highly with full scale IQ (r=0.86; Sattler & 
Saklofske, 2001). The final sample consisted of 75 children and adolescents (ADHD 
n=37; controls n=38). The groups did not differ on gender and age (Table 1).
The Stroop tasks
Comparable to the original Stroop task (Stroop, 1935), the experiment began 
by naming the colors of 100 solid rectangles (color card). The color card was 
administered once and served as a manipulation check to assess if completion times 
on the interference cards were indeed slower than just naming colors without any 
interference. After the color card, participants read aloud 100 words written in black 
(word card). Next, they received an interference card with the same words as on the 
word card, but printed in different font colors (for overview of stimuli see Figure 1). 
For the interference card, participants were instructed to name the font color (red, 
yellow, blue, green) as quickly as possible while ignoring the semantic meaning, 
and to make as few errors as possible. The word card was always administered prior 
to the interference card and served to prime the semantics of the words. Stimuli 
(font Calibri, size 16) were presented on white A4-sized landscape format cards, in 
randomized order. Each row contained 10 stimuli. 
Figure 1 | Overview of cards and stimuli. 
Note: original words were in Dutch.
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Participants were instructed to perform this task under 4 conditions: The appetitive 
words condition, the aversive words condition, and two neutral conditions, one for 
each motivational condition (appetitive/aversive). Importantly, words on the neutral 
cards were matched to the words on the motivational cards in word length and 
frequency in the Dutch language, as these have been shown to influence word 
recognition (Larsen, Mercer, & Balota, 2006). The order of the conditions was 
counterbalanced using a Latin square design and was equal for each group (χ2(1, 
7)=4.58, p=.845).
 The card completion time (in seconds) and the number of errors were recorded 
for each card. Participants with invalid scores due to skipping or doubling a word 
row were excluded from analyses. This group composition change did not lead to 
differences in the results for IQ, gender and age.
Procedure
This study was approved by the local medical ethics committee (CMO 2011/402) 
conform the Dutch Act on Medical Research Involving Human Subjects. Informed 
consent was obtained from all participants and their parents. The study consisted of 
three consecutive test sessions. During the first session, participants performed the 
WISC-III and the Stroop task while parents were administered the DISC-IV, DBDRS 
and CBCL. 
 During subsequent sessions, participants performed tests that are reported 
elsewhere. Sessions were 1.5 to 2 hours in duration each, and were scheduled 
approximately 2 weeks apart. The tests were conducted in the behavioral labs of 
the Behavioural Science Institute of the Radboud University Nijmegen, which are 
quiet, controlled environments devoid of window views and other distractions. 
Families received €30 for completion of all sessions. 
Data analyses
Interference check and baseline color card performance
To confirm that each interference card indeed showed an interference effect, we 
used repeated-measures ANCOVA’s with age as a covariate to compare the baseline 
color card (naming the colors of 100 solid rectangles) with each interference card. 
This was done for completion times (CT) and/or number of errors. In addition, 
we examined group differences on the baseline color card. Errors and CT on the 
baseline color card were therefore submitted to a univariate ANCOVA with group as 
independent variable and age as covariate. 
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 We followed the advice of Lansbergen et al. (2007) by quantifying interference 
control as ratio scores to assess interference control group differences on neutral 
cards (independent of valence). Ratio’s were used because ADHD groups are 
typically slower (i.e., independent of interference control) on average compared with 
controls and to avoid transformation dependent results (Lansbergen, Kenemans, & 
van Engeland, 2007). Ratio’s were calculated as:
Ratio =
 Baseline color card 
 Neutral interference card
and were conducted separately for CT’s and errors for both neutral cards (matched 
to appetitive card, and matched to aversive card). Note that a ratio score of 1 
indicates that there was no difference between the two cards. The ratio scores were 
log transformed to make sure that ratio’s >1 are comparable to ratio’s <1, and that 
the ratios were normally distributed. Univariate ANCOVA’s with age as covariate 
were used to assess the group difference. Only neutral cards were used for this 
comparison in order to avoid interaction effects with appetitive and aversive cards.
The effects of ADHD symptom dimensions were explored, in addition to the group 
comparisons. Univariate ANCOVA’s were used to examine the effects of ADHD 
symptom dimensions1 inattention, and hyperactivity/impulsivity on baseline color 
card performance, and interference control (ratio scores), while controlling for age.
Stroop task main analyses
First, we tested whether the valence manipulation had worked as intended. It was 
expected that appetitive and aversive words led to more interference than neutral 
words. Repeated measures ANCOVA’s including age as covariate were used to 
examine the difference between the valence interference card and their matched 
neutral interference card. These tests primarily served as task manipulation checks 
and were conducted both across groups as well as within groups. Second, we 
examined the main research question whether groups differ on the extent to which 
appetitive and aversive words lead to interference as compared to neutral words. 
Therefore, the ratio scores for both valences were computed as follows:
Ratio = 
Neutral interference card 
 Valence interference card
These ratio scores were log transformed and submitted to an ANCOVA with group 
(ADHD, control) as the between-subject factor, age as covariate, and age x group 
interaction as an additional factor. Age was included in these analyses because it 
might interact with group on interference control, for example, as a result of delayed 
(prefrontal) cortical brain maturation in ADHD (e.g., Shaw et al., 2007).
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 Unrestricted by categorical boundaries, dimensional analyses assessed the 
relationship between ratio scores and ADHD symptom dimensions (inattention 
and hyperactivity/impulsivity) across all individuals1. To this end, ANCOVA’s with 
inattention or hyperactivity/impulsivity DBDRS score as predictor, age as covariate 
including its interaction with the predictor, and ratio score as dependent variable 
were conducted.
3. RESULTS
Interference check and baseline color card performance
Descriptive statistics of CT and errors on interference cards are presented for each 
group in the supplementary materials Table S1. All interference cards (neutral 
words, appetitive, and aversive words) showed slower CT when compared with the 
baseline color card, with substantial effect sizes. This demonstrates that even words 
that are not color names lead to interference. In addition, older participants were 
faster on all cards (color cards and interference cards; all p’s<.001, all ηp
2’s>.37) and 
showed less difference in CT for the interference cards in comparison with the color 
card (all p’s<.004, all ηp
2’s>.12). No significant age effects were found on errors. 
 The ADHD group was slower than controls on the baseline color card (F(1, 
69)=5.95, p=.01, ηp
2=.08) but did not make more errors (F(1, 69)=.75, p=.39, ηp
2=.01). 
There was no interaction between age and group on baseline color card CT (F(1, 
69)=1.76, p=.19, ηp
2 =.03), or errors (F(1, 69)=2.41, p=.13, ηp
2=.03). 
Table 2 | Descriptive statistics of log ratio scores per condition per group
Control group ADHD group
CT
M, SD
Errors
M, SD
CT
M, SD
Errors
M, SD
Neutral to positive -0.07 ±.10 -0.26±.58 -0.06±.18 -0.60±.62
Neutral to negative 0.05 ±.10 0.34±.65 0.11±.12 0.18±.61
CT= card completion time in seconds. M=mean, SD=standard deviation. 
Ratio scores were calculated as the CT of a valence card divided by the CT of the neutral card, followed 
by log transformation. The same was done for errors. 
Dimensional analyses revealed that there was an effect of symptom dimension on 
baseline color card CT of hyperactivity/impulsivity (F(1,60)=4.80, p=.03, ηp
2 =.07) but 
1 For these dimensional analyses we had incomplete data from 8 participants (n=4 ADHD). Scores 
on the DBDRS were used to quantify ADHD symptoms.
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a weaker relation with inattention (F(1,60)=2.86, p=.09, ηp
2=.05). Interference control 
ratio scores (baseline color card divided by neutral cards) did not show significant 
associations with ADHD dimensions (all p’s <.09).
The Stroop task
After data inspection, one extreme outlier (more than 3 interquartile ranges 
above the median) for CT ratio scores of appetitive words (control participant) 
was excluded, and two extreme outliers for error ratio scores of appetitive words 
(both control participants). Descriptive statistics of log ratio scores are presented 
in Table 2. As expected, appetitive words showed more interference than neutral 
words on CT (F(1,67)=12.75, p=.001, ηp
2=.160) but not on errors (F(1,66)=3.58, p=.06, 
ηp
2=.05). Unexpectedly, aversive words showed less interference than neutral words 
for CT (F(1,68)=29.361, p<.001, ηp
2=.30) and errors (F(1,68)=5.207, p=.03, ηp
2=.071). The 
interference was present in both groups.
 Contrary to the hypothesis, ANCOVA’s showed no effect of group on the appetitive 
nor aversive word ratios to the neutral condition (appetitive CT F(1,65)=.35, p=.558, 
ηp
2 =.005, errors F(1,64)=1.59, p=.212, ηp
2=.024, aversive CT F(1,66)=3.93, p=.052, ηp
2=.06, 
and errors F(1,66)=1.175, p=.282, ηp
2 =.017). This suggests that the interfering effect 
of appetitive compared to neutral words were not significantly different between 
groups (Figure 2). 
Figure 2 | Bar graphs depicting the completion time (CT) log ratio between interference cards and 
baseline color card for each group. Log ratio scores >0 indicate slower CT in the neutral card than 
in the baseline color card (interference effect), while log ratio scores <0 indicate the opposite effect 
(facilitation).
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No main effects of age or interactions between age and group were found for ratio 
scores for CT and errors in both the appetitive and aversive word conditions (all 
p’s>.18, all ηp
2’s<.028). 
Dimensional analyses 
Inattention and hyperactivity/impulsivity symptoms correlated highly with one 
another (r=.86, p<.001). For CT ratio scores in the aversive condition, there was a 
main effect of inattention (F(1,58)=8.15, p=.006, ηp
2 =.123) and hyperactivity/impulsivity 
(F(1,58)=11.52, p=.001, ηp
2 =.166), indicating that aversive words had a facilitating effect 
on CT with increasing levels of ADHD symptoms (see Figure 3). 
Figure 3 | Scatterplots showing the relationship between completion time (CT log ratio scores 
and ADHD symptoms (inattention and hyperactivity/impulsivity) as measured with the disruptive 
behavior disorders rating scale.
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No significant associations were found in the appetitive condition (inattention: 
F(1,57)=1.00, p=.321, ηp
2=.017; hyperactivity/impulsivity: F(1,57)=.564, p=.456, ηp
2 =.010). 
No significant effects of inattention and hyperactivity/impulsivity were found 
on error ratio scores for both appetitive words (inattention: F(1,57)=.21, p=.648, 
ηp
2=.004; hyperactivity/impulsivity: F(1,57)=.014, p=.906, ηp
2 <.001) and aversive words 
(inattention: F(1,58)=1.62, p=.209, ηp
2 =.027); hyperactivity/impulsivity: F(1,58)=.288, 
p=.593, ηp
2 =.005). Again, no significant effects of age or interactions between age 
and symptom dimension were found (all p’s>.243, all ηp
2’s<.024). 
DISCUSSION 
This study aimed to investigate whether interference control in children and 
adolescents with ADHD was exacerbated by appetitive distracting words. We 
postulated that (1) appetitive words would cause more interference as compared 
to neutral words for all participants, and (2) that this detrimental effect of appetitive 
words on interference control would be stronger in children and adolescents with 
ADHD than in controls. To investigate whether the effect of appetitive words was 
valence-specific, we also examined the effects of aversive words.
 First of all, performance (completion time and errors) on all interference cards, 
including appetitive, aversive, and neutral words, differed from performance on the 
color card (simply naming the colors of rectangles) with substantial effect sizes. This 
concurs with early research demonstrating that any common word, not only color 
words, produces interference (Klein, 1964). Importantly, this result confirms that 
our Stroop task indeed measured interference control. Additionally, card versions 
as used here have been demonstrated to result in larger interference effects than 
computer versions (for review see Williams, 1996, but also see Charash & McKay, 
2002). 
 Second, as expected, appetitive words had detrimental effects on interference 
control, reflected in slower CT and more errors. This finding indicates that the task 
manipulation of appetitive words was effective. However, our primary hypothesis was 
not confirmed; the detrimental effects of appetitive words on interference control 
were not exacerbated in the ADHD group. The ADHD group also did not show an 
interference control deficit, as measured with ratio scores between the interference 
cards with neutral words and the baseline color card. Lansbergen et al. showed in 
a meta-analysis that, when using ratio scores like we did here, interference control 
deficits were present in individuals with ADHD. However, our findings do not support 
this. The current study found that the ADHD was overall slower than controls but 
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there were no specific interference control deficits. This is in accordance with the 
findings by van Mourik et al. (2005) who reported that general slow performance 
in ADHD groups showed larger effect size than interference control deficits. It 
suggests that general slowness in information processing may be a more robust 
characteristic of those with ADHD than difficulty with interference control (but see 
Willcutt, Sonuga-Barke, Nigg, & Sergeant, 2008). This general slowness is thought 
to be due to non-optimal energetic states (i.e. arousal, activation) associated 
with ADHD, or an inability to maintain a stable reaction time over trials (Sergeant, 
Oosterlaan, & van der Meere, 1999; Tamm et al., 2012). The current data suggests 
that using appetitive, distracting words as measured with a Stroop color-word task 
can hamper interference control, but that this is not a more sensitive approach for 
distinguishing children and adolescents with ADHD from controls. 
 Unexpectedly, aversive words had facilitating effects on interference control, 
reflected as faster CT (but not on errors). This finding contradicts the attention bias 
theory that suggests that meaningful words draw attention and may therefore 
interfere with the task at hand. Furthermore, using a dimensional approach, it 
became apparent that the facilitating effect of aversive words was stronger with 
increasing ADHD symptom scores (medium effect sizes). Interpreted within the 
attentional bias account, this facilitation effect suggests that aversive words are 
even less relevant for those with more ADHD symptoms than for individuals with 
fewer ADHD symptoms. There are, however, several alternative theories that could 
account for both the appetitive as well as aversive effects in the current study. A few 
accounts are discussed below, and we will conclude with a section on how these 
accounts may explain the relatively strong facilitating effects of aversive words with 
higher levels of ADHD symptoms, as this may guide future studies.
 Our findings match the idea that frequent, uninterrupted exposure to stimuli of 
one type of valence may induce mood effects (Ben-Haim, Mama, Icht, & Algom, 2014; 
Richards, French, Johnson, Naparstek, & Williams, 1992). The “mood as information 
theory” (Clore, Schwarz, & Conway, 1994; Schwarz & Clore, 1983) proposes that mood 
states inform the individual of environmental demands to alter the current situation: 
positive mood signals that no change is required, leading to a down-regulation of 
cognitive control. Negative mood signals a need for adaptation, therefore cognitive 
control is up-regulated to do so. There is a large body of work of mood effects 
on cognitive control confirming this effect (e.g. Dreisbach & Fischer, 2012; Mitchell 
& Phillips, 2007; van Steenbergen, Band, & Hommel, 2009, 2010). Mechanistically, 
negative mood reduces the range of action tendencies and enhances focused 
processing, while positive mood induces global processing (Fredrickson & Branigan, 
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2005). Applied to the current study, global processing of a stimulus could lead to 
relatively more processing of the irrelevant dimension (words) and thus diminish 
interference control in the appetitive condition, while aversive stimuli enhance 
focus on the relevant dimension, thereby facilitating interference control.
 An alternative explanation for the differential effects of appetitive versus aversive 
words on interference control is that the unpleasantness of the aversive semantics 
could have induced more effort recruitment for active suppression of the words 
(while the pleasantness of the appetitive semantics could have induced less effort 
recruitment for active suppression) (Mathews & Sebastian, 1993; Williams et al., 
1996). In other words, by increasing effort expended in naming the color, attentional 
bias can be overridden (see Cohen et al.’s connectionist model, 1990). It is also 
possible that individuals benefit from aversive words because these words are 
stimulating rather than distracting per se, in line with the optimal stimulation theory 
(Zentall & Zentall, 1983) and the cognitive energetic model of ADHD (Sergeant, 
2005). Perhaps aversive words, but not appetitive words, lead to a more optimal 
arousal level, which in turn leads to better performance (see also van Mourik et al. 
2007). Another alternative interpretation is an approach versus avoidance tendency. 
Appetitive words may have induced approach behavior, thereby attracting attention 
to the distracting words while increasing the demand on task performance (color 
naming) and resulting in poorer interference control. Aversive words may have 
induced avoidance behavior, thereby decreasing the demand on color naming and 
resulting in better interference control (Hare, Tottenham, Davidson, Glover, & Casey, 
2005; Koch, Holland, & van Knippenberg, 2008; Puschmann & Sommer, 2011). 
 In addition to these alternative accounts, the mood-as-information theory would 
suggest that the mood effects evoked by negative words are stronger as ADHD 
symptoms increase: those with higher levels of ADHD symptoms increase their 
cognitive control to a larger extent in response to negative stimuli than those with 
lower levels of ADHD symptoms. Alternative interpretations include (1) higher levels 
of hyperactivity/impulsivity and inattention were associated with a larger increase 
in applied effort in the context of aversive words, (2) higher levels of hyperactivity/
impulsivity and inattention were associated with a larger increase in arousal or 
activation in response to aversive words. In other words, these individuals may have 
benefited more from aversive words because it led to a more optimal energetic state 
to perform on the task at hand (e.g., van Mourik et al., 2007), and (3) higher levels of 
hyperactivity/impulsivity and inattention were associated with stronger avoidance 
of aversive words, in turn facilitating color naming. Skin conductance or pupil dilation 
measurements may help to investigate the involvement of arousal in future studies.
Chapter 3 Attentional bias in ADHD
74 
 The lack of evidence for a deviant attentional bias towards appetitive/aversive 
words in the ADHD group was contrary to our hypotheses, but may be in line with 
recent ADHD studies which assessed the attentional bias effect using positive and 
negative emotion words, designed to relate to the emotional lability that is associated 
with ADHD. Specifically, both Posner et al. (2011) and Passaroti et al. (2010) reported 
no attentional bias to emotionally relevant words in individuals with ADHD as 
compared to controls, despite group differences in brain activation patterns. These 
findings can be supported by recent studies which demonstrated that cognitive 
control deficits and altered reward sensitivity are independent characteristics in 
those with ADHD, which do not often co-occur within the same individuals (Coghill, 
Seth, & Matthews, 2014; Fair, Bathula, Nikolas, & Nigg, 2012; de Zeeuw, Weusten, 
van Dijk, van Belle, & Durston, 2012; Solanto et al., 2001; Sonuga-Barke, Bitsakou, 
& Thompson, 2010; Sjöwall, Roth, Lindqvist, & Thorell, 2013). The current study 
distinguishes itself, and adds to this knowledge, by valence-specific effects of 
distractor words on interference control in ADHD groups compared with controls. 
The interpretation of the facilitating effect of aversive words remains speculative, 
and future research is needed to replicate these findings, and to examine which 
mechanisms (mood effects, effort/arousal effects, avoidance effects) underlie this 
facilitation effect. Our observation that individuals with higher levels of hyperactivity/
impulsivity and inattention show larger improvements in interference control in 
certain contexts suggests that inhibitory control in these individuals is flexible, and 
that there is room for improvement. 
CONCLUSION
In conclusion, the findings reveal that interference control in children and 
adolescents with ADHD is not exacerbated by appetitive distracting words. 
Specifically, appetitive words were not significantly more distracting for individuals 
with ADHD and controls. Aversive words were facilitating rather than distracting, 
and this effect of aversive words appeared stronger in individuals with more ADHD 
symptoms. The pattern of results cannot be fully accounted for by the attention 
bias view, but are supported by other frameworks such as the mood-as-information 
theory. 
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ABSTRACT
Objective: Attention-deficit/hyperactivity disorder (ADHD) is characterized by 
cognitive deficits (e.g., interference control) and altered reward processing. 
Cognitive control is influenced by incentive motivation and according to current 
theoretical models, ADHD is associated with abnormal interactions between 
incentive motivation and cognitive control. However, the neural mechanisms by 
which reward modulates cognitive control in individuals with ADHD are unknown. 
Methods: We used event-related functional resonance imaging (fMRI) to study 
neural responses during a rewarded Stroop color-word task in adolescents (14-17 
years) with ADHD (n = 25; 19 boys) and healthy controls (n = 33; 22 boys). 
Results: Adolescents with ADHD showed increased reward signaling within the 
superior frontal gyrus and ventral striatum (VS) relative to controls. Importantly, 
functional connectivity analyses revealed a hyperconnectivity between VS and 
motor control regions in the ADHD group, as a function of reward-cognition 
integration. Connectivity was associated with performance improvement in controls 
but not in the ADHD group, suggesting inefficient connectivity. 
Conclusion: Adolescents with ADHD show increased neural sensitivity to rewards 
and its interactions with interference control in VS and motor regions, respectively. 
The findings support theoretical models of altered reward-cognition integration in 
individuals with ADHD.
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is a developmental disorder, 
characterized by inattention, heightened impulsivity, and hyperactivity (APA, 2013), 
and affects approximately 5% of school-aged youth (Polanczyk & Rohde, 2007). 
ADHD has been associated with cognitive control impairments (Barkley, 1997), 
such as an impaired ability to filter conflicting, irrelevant, or distracting information 
(interference control) (Lansbergen, Kenemans, & van Engeland, 2007; van Mourik, 
Oosterlaan, & Sergeant, 2005). Interference control is associated with increased 
signaling in the posterior medial frontal cortex (pMFC) (Bench et al., 1993; Pardo, 
Pardo, Janer, & Raichle, 1990; Ridderinkhof, Ullsperger, Crone, & Nieuwenhuiss, 
2004). Adults with ADHD display reduced responses in the pMFC compared with 
controls (Banich et al., 2009; Bush, Valera, & Seidman, 2005). 
 Reward can modulate cognitive control (Aarts et al., 2010; Botvinick & Braver, 
2015; Braver et al., 2014; Pessoa, 2009). Specifically, reward improves interference 
control when it is contingent on performance (Padmala & Pessoa, 2011). In other 
situations reward-associations can be detrimental to interference control (Aarts et 
al., 2014; Krebs, Boehler, & Woldorff, 2010). At the neural level, the ventral striatum 
(VS) plays an important role in reward processing (Knutson, Adams, Fong, & Hommer, 
2001). The VS connections with the prefrontal cortex provide a mechanism by which 
reward information can influence cognitive processes and ultimately responding 
(Draganski et al., 2008; Haber, 2003; Haber & Knutson, 2010). 
 These processes are relevant for ADHD research as recent theories have 
suggested that alterations in the way motivation and cognitive control interact plays 
a pivotal role in ADHD (Castellanos, Sonuga-Barke, Milham, & Tannock, 2006; Nigg 
& Casey, 2005; Sonuga-Barke, 2002; Sonuga-Barke, Bitsakou, & Thompson, 2010). 
In line with these theories, a number of studies have suggested that the behavioral 
benefit from reward is more prominent in children with ADHD than controls 
(Luman, Oosterlaan, & Sergeant, 2005). Children with ADHD also showed increased 
responses in the orbitofrontal cortex, a region strongly innervated by the VS, during 
rewarded sustained attention (Rubia et al., 2009, but see Rubia, 2011). Another 
study suggests that resting-state connectivity in children with ADHD compared 
with controls is enhanced in reward-related regions, but decreased in attention 
networks, consistent with ADHD characteristics of impulsivity and inattention 
(Tomasi & Volkow, 2012). 
 Task-related functional connectivity in children with ADHD has only been 
investigated during cognitive control, irrespective of reward, and the results suggest 
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widespread altered connectivity between cortical cognitive control regions (Arnsten 
& Rubia, 2012; Kelly, Margulies, & Castellanos, 2007). However, to our knowledge, 
no studies have been conducted that addressed task-related connectivity during 
rewarded cognitive control. Studies that focused on VS functioning of individuals 
with ADHD compared with controls, however, have shown reduced responses to 
reward anticipation (Plichta & Scheres, 2014), but these findings were less consistent 
in adolescents than in adults (Paloyelis, Mehta, Faraone, Asherson, & Kuntsi, 2012; 
von Rhein et al., 2015). 
 Importantly, studies in healthy populations suggest that developmental 
changes regarding the interplay between reward and cognitive control take place 
in adolescence (Casey, Jones, & Hare, 2008; Crone & Dahl, 2012). Adolescent 
impulsivity is thought to arise from relatively matured, reward-responsive basal 
ganglia that interact with yet underdeveloped cortical control regions (Casey et 
al., 2008). Accordingly, healthy adolescents frequently show aberrant responsivity 
of the VS compared with adults and children (Galvan, 2010). This maturation 
imbalance marks adolescence as a decidedly relevant developmental stage to 
study the neural mechanisms of reward and its modulation of interference control. 
The present study, therefore, investigated both the beneficial effects of reward 
contingencies and detrimental effects of task-irrelevant reward associations on 
interference control in adolescents with ADHD. A rewarded Stroop paradigm (Krebs 
et al., 2011) was used.
 We had four hypotheses. First, reward would improve behavior more in 
adolescents with ADHD than in controls and would be accompanied by altered VS 
response to reward. Second, the ADHD group would show reduced interference 
control and would differ in their neural response to interference control from 
controls within fronto-parietal regions, such as the pMFC and parietal attention-
related regions. Third, adolescents with ADHD would show altered effects of reward 
on Stroop interference. Behaviorally, this would surface as ameliorated Stroop 
interference control in the ADHD group during reward, associated with aberrant 
task-related neural responses, as well as altered functional connectivity between 
the VS and cortical regions during rewarded interference control. Fourth, task-
irrelevant reward-associated distracters would be more distracting and thereby 
detrimental to Stroop interference control, especially in adolescents with ADHD.
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METHODS
Participants
Fifty-nine adolescents (14-17 years) were screened. To ensure that all participants 
were post-puberty onset and to avoid large sample heterogeneity, we recruited 
participants of 14 years and older (Galvan, 2010). Exclusion criteria were: MRI 
contraindications, neurological conditions, current psychotropic medication 
other than methylphenidate, severe dyslexia, and an IQ below 70 based on the 
vocabulary and block design of the Dutch Wechsler intelligence scale for children 
(WISC) (Kort et al., 2002). Individuals with ADHD who were using methylphenidate (n 
= 15) discontinued their medication 24h prior to the day of testing (Greenhill, 1998). 
Participants with ADHD were recruited via the child and adolescent psychiatry 
department of the university medical centre. Controls were recruited via local 
advertisements and schools.
 Inclusion criteria for the ADHD group were: a clinical diagnosis of ADHD 
according to the DSM-IV-TR (APA, 2000), as previously assessed by a clinician. 
In addition, the “behavioral disorders” and “whole life” modules of the diagnostic 
interview schedule for children (DISC-IV, parent version) were used to confirm the 
current validity of the diagnosis. Participants with ADHD were excluded if they met 
psychiatric disorder criteria other than ADHD on the DISC-IV, and/or scored within 
clinical range on the child behavior checklist (CBCL) (Achenbach & Edelbrock, 1991) 
and/or the behaviour disorders rating scale (DBDRS) (Pelham, Gnagy, Greenslade, & 
Milich, 1992; Oosterlaan, Scheres, Antrop, Roeyers, & Sergeant, 2000). We included 
participants with comorbid Oppositional Defiant Disorder (ODD) because of high 
comorbidity with ADHD (Biederman, Newcorn, & Sprich, 1991). Controls were also 
screened for psychiatric disorders on the DISC-IV, CBCL, and DBDRS and were 
excluded if they scored within clinical range on any of these instruments.
 Five participants were excluded from the final analyses. One control participant 
was excluded because of hyperactivity symptoms. Two participants with ADHD 
were excluded due to excessive head motion, and two felt uncomfortable in the 
scanner. The final sample included 25 adolescents with ADHD and 33 controls 
matched for gender (χ2 = 1.02, p = .40) and age (Table 1).
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Table 1 | Participant characteristics
Controls 
(n = 33; 22 boys)
ADHD
(n = 25; 19 boys)
Variable Mean, SD Mean, SD Group difference
Age 15.30 ±1.05 15.36 ±1.08 p = .84
Estimated IQ 108.94 ±12.81 98.28 ±16.26 p = .01
aDBDRS (parents)
 Inattention 10.48 ±.85 14.41 ±2.13 p<.001
 Hyperactivity/Impulsivity 10.23 ±.67 14.45 ±2.18 p<.001
 ODD 10.46 ±.96 12.95 ±2.06 p<.001
 CD 10.57 ±2.87 10.08 ±5.39 p = .68
bCBCL DSM scales (T-scores)
 ADHD 51.40 ±2.22 65.17 ±7.88 p<.001
 ODD 51.33 ±2.43 57.17 ±6.53 p<.001
 CD 51.13 ±2.69 55.33 ±5.80 p = .003
ODD = oppositional defiant disorder; CD = conduct disorders
a Disruptive behavior disorders rating scale. Standardized scores. 10±3: average, 15: subclinical, ≥16: clinical45.
b Child behavior checklist43
Study Procedure
This study was approved by the local medical ethics committee (CMO 2012/288) 
consistent with the Helsinki Declaration. Written informed consent was obtained 
from participants and their parents. The study consisted of two test sessions: in the 
first session parents completed the DISC-IV, while participants were prepared for the 
scan session in a mock scanner. Participants also completed the WISC vocabulary 
and block pattern to assess IQ (Kort et al., 2002). In the second session participants 
performed the motivational Stroop task in the MRI scanner. Money earned during 
the task was added to their €20 participation fee.
Rewarded Stroop Task
The task was programmed in Presentation software (Neurobehavioral Systems, 
Inc. https://www.neurobs.com). Similar to the classic Stroop color-word paradigm 
(Stroop, 1935), participants responded to the ink color of a written word (presented 
for 600ms) by pressing one of four corresponding keys with their right/left index 
or middle finger, while ignoring its semantic meaning (Figure 1). Participants were 
informed that two ink colors resulted in a monetary reward of 5ct per trial if the 
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response was fast and correct, or a 5ct penalty if the response was too slow or 
incorrect (rewarded trials). The other two ink colors yielded no monetary gain or 
penalty (unrewarded trials). The irrelevant dimension (semantic meaning) was either 
congruent (e.g., “red” in red ink) or incongruent (e.g., “red” in green ink). The stimuli 
occurred in four different font colors (red, yellow, green, blue) and were presented 
in an event-related design. There were two types of incongruent irrelevant 
dimensions (words); one where the irrelevant dimension referred to an unrewarded 
color (neutral distracter) and one where the irrelevant dimension referred to a 
rewarded color (reward-associated distracter). Both neutral and reward-associated 
distracters appeared in colors that were rewarded and unrewarded. Additionally, 
congruent trials for both rewarded and unrewarded colors were included, yielding 
a total of six conditions (Figure 1):
Unrewarded: 
1. congruent
2. reward-associated distracter
3. neutral distracter
Rewarded: 
4. congruent
5. reward-associated distracter
6. neutral distracter
Each condition consisted of 80 trials. Trials were followed by an inter-stimulus 
interval of 1.5-6 sec and were presented in a pseudo-randomized sequence (trial 
types were not repeated more than 3 times in a row). To enhance task engagement, 
the earnings were displayed every 40 trials, followed by a short, self-paced break 
during which a picture of the color-finger mapping was displayed as a reminder. 
Halfway through the task, participants had a 15-minute break outside the scanner. 
Color-finger mapping and reward colors were counterbalanced. A tracking 
algorithm adjusted the response deadline to approximately 70% correct responses 
in the rewarded conditions. The initial response deadline was based on the average 
reaction times (RTs) during the final practice block (below).
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Word 
(irrelevant)
Congruent Incongruent
Color
(relevant)
RED!
YELLOW
YELLOW!
RED
GREEN 
BLUE
GREEN 
BLUE
GREEN !
BLUE
RED 
YELLOW 
RED 
YELLOW
BLUE!
GREEN
Rewarded
Reward-
associated
Unrewarded
Neutral
Figure 1 | Task conditions (adapted from Krebs et al., 2011)
The irrelevant dimension (words) is depicted on the horizontal axis. Top row depicts unrewarded colors, 
bottom row rewarded colors. Incongruent neutral = neutral distracter. Incongruent reward-associated = 
reward associated distracter.
Rewarded Stroop Task Practice Sessions
Before scanning, participants completed three practice sessions of the task. In 
Practice Session 1 (120 trials), participants learned the stimulus response (color-
finger) mappings. They had to respond as quickly as possible to the color of four 
crosses (XXXX) presented on screen in the colors used in the task after which 
feedback (“correct”/“incorrect”) was given. In Practice Session 2 (120 trials), the 
stimuli were words (color names) instead of crosses, identical to the actual task. 
Participants were asked to respond to the color of the ink and ignore the words. 
They were also informed for which colors a correct and sufficiently fast response 
was rewarded. Feedback was given for each trial to make sure that participants 
understood the task. For neutral trials, feedback was “correct” or “incorrect.” 
For rewarded trials, it was “correct +5ct” or “incorrect -5ct.” In Practice Session 3, 
feedback was omitted to increase the speed of responding and reduce total task 
length, identical to the actual task.
ANALYSES
Behavioral Analyses
RTs (averaged for each condition) and error rates (square root transformed) were 
submitted to a 2 (Group: ADHD vs. Control) x 2 (Reward: Rewarded vs. Unrewarded) 
x 3 (Congruence: Congruent vs. Incongruent Reward-associated vs. Incongruent 
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Neutral) ANOVA with reward and congruence as repeated-measures factors. 
Because we hypothesized a priori that the reward-associated distracter would 
cause more interference than the neutral distracter, we also directly compared both 
unrewarded incongruent conditions in a repeated-measures ANOVA with ADHD as 
between-subject factor. 
FMRI Acquisition and Preprocessing
Participants were scanned using a 1.5T Siemens Magnetom Avanto scanner using 
a 32-channel head coil. Multi-echo GRAPPA EPI scan sequence was used (echo 
times (TE): 9.2ms, 20.9ms, 33ms, 44ms and 56ms). Each scan consisted of 32 slices, 
3mm thickness with a TR of 2010ms using an ascending scan order (FOV = 224mm, 
voxel size = 3.5x3.5x3.0 mm and flip angle = 90°). For coregistration and normalization 
purposes, a whole-brain T1-weighted anatomical scan was collected (176 slices, 
voxel size = 1x1x1mm, FOV = 256mm, TR = 2250ms, TE = 2.95ms, flip angle = 15°).
 FMRI data were preprocessed and analyzed using Statistical Parametric 
Mapping (SPM8, Wellcome Trust Centre for Neuroimaging, London, UK) and 
MATLAB 2013 (The MathWorks Inc., Natick, MA, 2013). Prior to preprocessing, the 
five TE read-outs were combined and realigned using the multi-echo sequence via 
standard procedures (Poser, Versluis, Hoogduin, & Norris, 2006). Functional images 
were first realigned using rigid body transformation and resliced. Slice timing 
correction was applied using the middle slice as reference image. The anatomical 
T1 images were segmented into grey and white matter. Structural and functional 
data were coregistered and normalized (voxel size resampling 2x2x2 mm) to a 
standard anatomical space (Montreal Neurological Institute, MNI) using a unified 
segmentation procedure (Ashburner & Friston, 2005). Finally, functional images 
were smoothed using a full-width at half maximum 5mm Gaussian kernel.
Task-Related Whole-brain Neural Responsivity
The preprocessed images were analyzed, modeling the stimulus onsets of correct 
trials for each condition and each run. The general linear model (GLM) included 12 
task regressors (6 conditions x 2 runs) and 32 regressors of no interest: 2 regressors 
for incorrect trials, 12 temporal derivatives of task regressors, and 18 motion 
parameters (3 translation and 3 rotation parameters, their quadratic effects and first 
order derivatives). A high-pass filter of 128Hz was applied before model estimation.
 All of the above described regressors were specified at the first-level for each 
subject. Next, four contrasts were defined: 1. For the main effect of interference 
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control, congruent trials were contrasted with incongruent trials (congruent 
< incongruent), 2. to examine the main effect of reward, rewarded trials were 
contrasted with unrewarded trials (rewarded > unrewarded), 3. The effects of 
reward on interference control were assessed by contrasting rewarded congruent 
< incongruent trials with unrewarded congruent < incongruent trials, 4. The effect 
of reward-associated distracters was assessed by contrasting reward-associated 
distracters with neutral distracters (limited to unrewarded trials) (Krebs et al., 2011).
 For second-level analyses, two-sample t-tests were used to assess group 
differences and were calculated on the amplitude HRF parameter in a random-
effects analysis (whole-brain corrected, p = 0.05). Specifying contrasts at the 
first-level and running two-sample t-tests at the second-level to assess group 
differences within these contrasts is generally recommended to correctly use the 
partitioned error variance.
VS and pMFC Analyses
Because of strong a priori predictions of aberrant responses in the pMFC and VS in 
participants with ADHD compared to controls, we applied small volume corrections 
(SVC) to these regions of interest. In order to ensure statistical independence, 
we followed the recommended procedure by Kriegeskorte et al (2009), basing 
the volumes of interest (VOI) on independent data. To this end, we derived the 
coordinates from studies using similar task designs as the current study. Specifically, 
we extracted the peak coordinates from the study by Krebs et al. (2011) in the VS 
for the rewarded>unrewarded contrast. The incongruent>congruent contrast 
was not conducted by Krebs et al. (2011). Therefore, the pMFC coordinates in the 
incongruent>congruent contrast were derived from Leung et al. (2000), who used 
a standard event-related Stroop color-word task. SVCs were then applied on an 8 
mm radius sphere around these coordinates (Guitart-Masip et al., 2011). Both SVC 
clusters were considered significant at a threshold of FWE-corrected p<.05, and 
applied to: VS (x, y, z = -10, 10, -2) and pMFC (x, y, z = 6, 22, 42). 
Generalized Psychophysiological Interaction Analysis
Changes in functional connectivity between the VS and the rest of the brain as a 
function of the interaction between reward and interference control were assessed 
using a generalized psychophysiological interaction (gPPI, https://www.nitrc.
org/projects/gppi) (McLaren, Ries, Xu, & Johnson, 2012) analysis. We predefined 
the VS activation cluster that showed the highest signal peak (across groups) in 
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the rewarded>unrewarded contrast as seed region (x, y, z = -8, 10, -4, k = 147). For 
each subject, the mean time series within the VS cluster was used as physiological 
regressor. The BOLD signal from this seed region was deconvolved (Gitelman, 
Penny, Ashburner, & Friston, 2003). As psychological regressor, we included our 
12 task regressors and 2 regressors for incorrect trials in the gPPI analysis. These 
task regressors were multiplied with the physiological regressor and the result was 
convolved with a canonical HRF.
In the first-level model, the PPI regressors, the psychological regressors and the 
physiological regressor were analyzed using a GLM in SPM8. To assess whether 
functional connectivity between the VS and the rest of the brain was altered in 
individuals with ADHD compared to controls as a function of reward x interference 
control, an independent-samples t-test was conducted on this interaction ((rewarded 
congruent<rewarded incongruent) > (unrewarded congruent<unrewarded 
incongruent)). 
Finally, we investigated the relationship between functional connectivity and the 
behavioral benefit of reward on interference control. For this purpose, beta weights 
from the regions that showed functional connectivity with the VS were extracted 
using Marsbar (Brett, Anton, Valabregue, & Poline, 2002). Next, correlations were 
computed between the beta weights and the differences in RT between the 
rewarded and unrewarded Stroop trials.
RESULTS
Behavioral Results
Participants showed a Stroop effect, both in RT, (F(1.64, 91.83) = 98.53, p < .001, ηp
2 
= .64,) and error rates, (F(1.79, 100.29) = 21.22, p < .001, ηp
2 = .28.); They were faster 
and more accurate on congruent trials than for neutral and reward-associated 
distracters (Table S1, available online). The neutral distracter and reward-associated 
distracter conditions did not differ from each other across groups (RT: F(1, 56) = 1.15, 
p = .29, ηp
2 = .02; error rates: F(1, 56) = 0.67, p = .42, ηp
2 = .01), or between groups (RT: F(1, 
56) = .48, p = .49, ηp
2 = .008; error rates: F(1, 56) = 1.94, p = .66, ηp
2 = .003).
Participants were also faster and more accurate on rewarded than unrewarded trials 
(RT: F(1, 56) = 95.74, p<.001, ηp
2 = .63; error rates: F(1,56) = 42.97, p<.001, ηp
2 = .43). However, 
reward did not influence the Stroop effect (no significant reward*congruency 
interaction) (RT: F(1.69,93.73) = 2.79, p = .08, ηp
2 = .05; error rates: F(2,112) = 2.61, p = .08, 
ηp
2 = .05). 
 The ADHD group was overall slower and less accurate than controls (RT: F(1,56) 
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= 7.92, p = .007, ηp
2 = .12; error rates: F(1,56) = 5.11, p = .03, ηp
2 = .08), but there were no 
group differences in terms of the Stroop effect (RT: F(1.64, 91.83) = 2.22, p = .12, ηp
2 = 
.04; error rates: F(1.71,100.29) = 1.02, p = .37, ηp
2 = .02), or on the effect of reward as a 
function of congruency (reward x congruency x group) (RT: F(1.69,94.73) = 0.13, p = 
.85, ηp
2 = .003; error rates: F(2,112) = .15, p = .86, ηp
2 = .003)1. 
FMRI RESULTS
Reward Effects
Participants showed increased neural signaling in response to reward in the bilateral 
VS (Figure 2a), the inferior parietal lobe (extending into the supramarginal gyrus) and 
the right anterior cingulate (Table 2). The ADHD group exhibited increased neural 
responses to reward compared with controls in two clusters of the superior frontal 
gyrus (Figure 2b and Table 2), and in the left VS after SVC was applied (x, y, z = -6, 8, 
-8; t = 4.56, psvc = .04, k = 3, Figure 2c).
Stroop Interference
There was a main effect of congruency in the bilateral inferior frontal gyrus (IFG) 
(Table 2). The right cluster extended to the middle frontal gyrus and precentral 
gyrus, whereas the left cluster extended into the pMFC. Furthermore, significant 
clusters were detected in the superior parietal lobule, postcentral gyrus, insula, 
cuneus, and lingual gyrus. There were no significant group differences for Stroop 
interference at the whole brain level. SVC in the pMFC also did not yield a significant 
group difference.
Reward Effects on Stroop Interference
We assessed the effect of relevant reward on Stroop-related neural signaling by 
contrasting the neural signal during Stroop interference (incongruent>congruent) 
on rewarded trials with unrewarded trials. There was an increase in neural signaling 
in several visual areas, specifically in the middle occipital gyrus and calcarine sulcus 
1 In order to examine group differences in interference control, we additionally computed ratio 
scores between RTs of the incongruent and congruent conditions, thereby controlling for 
potential group differences in baseline color naming speed (Lansbergen et al., 2007). Using ratio 
scores instead of difference scores did not change the non-significant group findings. Adding 
IQ as covariate also did not change the results. Moreover, there were 6 participants (n=ADHD) 
who reported regular use of nicotine or recent (within 2 weeks prior to testing) use of marijuana 
or MDMA. These were not outliers and the behavioral and fMRI results did not change when 
excluding these 6 individuals.
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(Table 2). However, there were no group differences in the effect of reward on Stroop 
interference. 
Figure 2A | Bilateral ventral striatum (VS) response to reward. 2B | Superior frontal gyrus (SFG) 
response in ADHD compared to controls p(FWE cluster)<.05. 2C | Small volume corrected left VS response 
in ADHD compared to controls. 
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Table 2 | Cluster regions and coordinates in each fMRI contrast
Contrast MNI coordinates
Regions Side k x y z t-value
Stroop: 
incongruent >  
congruent
Inferior frontal gyrus R 392 46 4 34 6.42
Frontal inferior operculum 48 12 30 4.80
Frontal inferior operculum 36 10 32 4.48
Inferior parietal lobule L 691 -28 -54 48 6.16
Superior parietal lobule -30 -60 56 4.83
Precuneus -24 -66 36 4.79
Medial frontal gyrus L 1799 -10 -2 54 5.87
Supplementary motor area -4 18 44 5.86
Inferior frontal gyrus L -44 6 32 5.65
Postcentral gyrus R 139 46 -32 50 5.70
Postcentral gyrus 38 -36 48 4.01
Postcentral gyrus 36 -36 56 3.76
Superior parietal lobule R 437 20 -56 60 5.69
Angular gyrus 32 -56 46 4.79
Precuneus 18 -66 50 4.56
Inferior parietal lobule L 294 -48 -32 44 5.62
Inferior parietal lobule -32 34 44 5.62
Postcentral gyrus L -40 -36 48 4.87
Lingual gyrus -12 -68 0 5.04
Calcarine L 143 16 -84 2 4.95
Cuneus 8 -82 2 4.85
Cuneus 18 -92 4 4.60
Medial frontal gyrus R 150 20 2 56 4.84
Middle frontal gyrus 30 -2 56 4.19
Insula R 95 34 22 8 4.25
Insula 34 26 0 3.85
Reward:  
rewarded 
>unrewarded
Caudate head L 147 -8 10 -4 6.50
Putamen R 131 18 8 -6 4.92
Caudate 12 12 0 3.33
Caudate 8 6 -8 3.65
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Table 2 | Cluster regions and coordinates in each fMRI contrast
Contrast MNI coordinates
Regions Side k x y z t-value
Inferior parietal lobule R 71 56 -36 48 4.63
Supramarginal gyrus 60 -36 38 3.76
Anterior cingulate R 79 10 42 26 4.41
Anterior cingulate 8 42 16 3.99
Anterior cingulate 2 36 12 3.67
Reward contrast: 
ADHD >Controls
Superior frontal gyrus R 71 18 10 60 4.72
Superior frontal gyrus R 148 4 58 26 4.31
Superior frontal gyrus R 14 56 30 4.29
Anterior cingulate 10 46 22 3.64
Rewarded Stroop > 
Unrewarded Stroop
Calcarine R 236 0 -90 6 5.24
Cuneus 10 -90 8 5.06
Cuneus 12 -98 8 4.66
Middle occipital gyrus L 132 -38 -80 -4 4.69
Middle occipital gyrus -42 -88 0 4.37
Middle occipital gyrus -34 -90 8 4.18
Reward-associated 
distracters > neutral 
associated distracters
Calcarine L 236 0 -90 6 5.24
Side: Left/right hemisphere 
k = number of voxels in cluster. 
T = t-value; threshold all reported statistics p(FWE cluster)<.05.
Reward-associated Distracters Versus Neutral Distracters
Contrasting reward-associated with neutral distracters, increased activity was 
observed in the calcarine sulcus, extending to a large portion of the visual cortex 
(Table 2). Contrary to what we predicted, there were no group differences in the 
effects of reward-associated distracters on neural signaling.
Corticostriatal Functional Connectivity
We observed increased functional connectivity during rewarded Stroop interference 
in the ADHD group than in controls between the VS and the motor cortex (right 
precentral gyrus; x, y, z = 52, -12, 38, p(FWE cluster) = .004, t = 4.35, k = 102) and a marginal 
effect in the left precentral gyrus (x, y, z = -60,-6, 30, p(FWE cluster) = .06, t = 4.06, k = 60, 
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Figure 3). Interestingly, controls showed negative connectivity, whereas the ADHD 
group showed positive connectivity between the VS and precentral gyrus during 
rewarded Stroop interference, suggesting that the VS in adolescents with ADHD is 
hyper-connected with the precentral gyrus in rewarded versus unrewarded Stroop 
interference control. 
 Beta weights from the connectivity between VS and right precentral gyrus 
correlated with the behavioral benefit of reward on Stroop interference control in 
controls (r = .38, p = .03), but not in adolescents with ADHD (r = .21, p = .33; Figure 3c).
                 
A. 
        
B. 
 
 
 
                
C. 	
	
	
T-value	
1.8	 4.5	
x = -12 y  =  38  y = 10 
Figure 3A | Left VS seed region. 3B | Functional connectivity group difference of the left VS in the 
contrast: rewarded Stroop>neutral Stroop (p(FWE cluster)<.05). 3C | Correlations between precentral 
gyrus parameter estimates from the psychophysiological interaction (PPI) analysis and the 
beneficial effect of reward on Stroop interference control reaction times.
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DISCUSSION
The neural correlates of reward modulation on interference control in adolescents 
with and without ADHD were investigated. We examined task-related neural 
correlates and VS functional connectivity of rewarded interference control. 
Behaviorally, reward improved general task performance in both groups, confirming 
that the reward manipulation was effective. Task-related activation revealed that 
adolescents with ADHD exhibited neural hyperresponsivity to reward anticipation 
within VS and SFG. Despite this group difference in neural functional connectivity, 
behavior or task-related activation in the reward-cognition interactions was not 
altered. However, our connectivity results demonstrated that adolescents with 
ADHD show corticostriatal hyperconnectivity during rewarded interference 
control. In contrast to controls, the ADHD group showed no association between 
corticostriatal connectivity and behavioral improvement as the result of reward.
 The hyperresponsivity of the SFG and VS in response to reward in adolescents 
with ADHD supports theories that imply disruptive reward pathways in individuals 
with ADHD (Castellanos et al., 2006; Haenlein & Caul, 1987; Nigg & Casey, 2005). 
Although our finding differed from the frequently reported VS hyporesponsivity to 
reward anticipation in adults with ADHD (Plichta & Scheres, 2014), it is in line with 
recent studies demonstrating VS hyperresponsivity in individuals with ADHD during 
reward receipt (Furukawa et al., 2014; von Rhein et al., 2015). The divergent results 
may be explained by differences in the reward processing phase: anticipation, target, 
or receipt (Tripp & Wickens, 2009). Alternatively, it is possible that ADHD-control 
differences in VS reactivity vary as a function of neurodevelopment. For example, 
Kappel and colleagues (2014) found hypo-activation during reward anticipation in 
adults but not in children with ADHD (von Rhein et al., 2015). Interestingly, findings 
regarding VS reactivity to reward in healthy adolescents are inconsistent as well, 
with some studies reporting hyperresponsivity in adolescents (Galvan et al., 2006; 
Van Leijenhorst et al., 2010) and others reporting hypo-activation (Bjork et al., 2004). 
Results may also depend on the level of task engagement, with more engaging 
tasks resulting in VS hyper-reactivity and more boring tasks in hypo-activation 
(Galvan, 2010), which may be especially relevant for ADHD research.
 In addition to VS hyperresponsivity, the ADHD group showed SFG 
hyperresponsivity to reward compared with controls. The SFG is mainly associated 
with working memory functions (du Boisgueheneuc et al., 2006; Owen, 2000; 
Petrides, 2000). Therefore, its activation in the ADHD group might reflect 
compensatory recruitment as a function of reward. Consistent with typical patterns 
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of reward anticipation signaling, both groups showed additional responses within 
the anterior cingulate cortex, putamen and caudate during reward trials (Allman, 
Hakeem, Erwin, Nimchinsky, & Hof, 2001; Kunishio & Haber, 1994; Schultz, 2000; 
Shidara & Richmond, 2002; Williams, Bush, Rauch, Cosgrove, & Eskandar, 2004).
 Our data also confirmed the expected Stroop interference effect across groups: 
participants were faster and more accurate on congruent trials than on incongruent 
trials. This interference effect was associated with increased response in the fronto-
parietal network replicating numerous Stroop fMRI studies in adults (Pardo et al., 
1990; Peterson et al., 1999) and adolescents (Adleman et al., 2002). Consistent with 
our behavioral findings there were no group differences in the neural responses to 
interference control. In general, however, the ADHD group performed worse than 
controls, as expected (Lijffijt, Kenemans, Verbaten, & van Engeland, 2005). Specific 
neuropsychological deficits are heterogeneous in ADHD groups and, therefore, 
complex to pinpoint at the group level (e.g., Coghill, Seth, & Matthews, 2014). Our 
data supported this notion and suggest that hampered general task performance 
characterized our sample better than specific interference control deficits.
 Functional connectivity analyses revealed that adolescents with ADHD showed 
hyperconnectivity between the VS and precentral gyrus during rewarded Stroop 
interference control. The precentral gyrus is a motor region implicated in inhibition 
or interference control tasks (Liddle, Kiehl, & Smith, 2001; Menon, Adleman, White, 
Glover, & Reiss, 2001). Controls and participants with ADHD showed opposite 
directions of their connectivity patterns. In controls, the negative connectivity between 
VS and motor regions was associated with slower rewarded Stroop performance. In 
the ADHD group, no relation was found between positive connectivity and behavior. 
This suggests that adolescents with ADHD show an inefficient hyperconnectivity 
between VS and motor regions during rewarded interference control. The result 
concurs with our hypothesis and theoretical models in which reward is proposed 
to modulate cognitive control differentially in individuals with ADHD via altered 
corticostriatal connectivity (Castellanos et al., 2006).
 When interpreting these results in the context of ADHD, it is important to note the 
potential neurochemical underpinnings of the effects. Dopamine is expected to play 
a role, given its well-established involvement in reward-related processing (Schultz, 
1998), motor control (Graybiel, Aosaki, Flaherty, & Kimura, 1994), and ADHD (Volkow 
et al., 2009). However, recently evidence has accumulated for a role for serotonin 
in reward processing (Nakamura 2008; see for review Rogers 2011), and to some 
extent for serotonin dysfunction in ADHD (e.g., Oades, 2008; Faraone et al., 2005). In 
fact, contemporary views propose that rather than being independent systems, the 
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dopaminergic and serotonergic systems interact and together modulate behavioral 
activation and inhibition (for review see Cools 2011). For example, in healthy adults 
serotonin depletion induced deficits in inhibitory control, although these may be 
restricted to conditions in which participants anticipate punishment (Crockett 2009, 
Hembold 2015, but see Gaber 2015). Thus far, our understanding of the role of 
serotonin in reinforced cognitive control and ADHD remains limited. In the current 
study, we cannot disentangle the effects of reward and punishment anticipation, and 
we did not manipulate or measure the dopaminergic and/or serotonergic systems 
directly. Future psychopharmacological studies are required to disentangle the 
role of both neuromodulators in reinforcement and cognitive control interactions in 
ADHD.
 Increased neural responses in visual processing regions were found across groups 
when examining the interaction of reward with interference control. Visual attention 
is modulated by salience, such as reward (Padmala & Pessoa, 2011; Serences, 2008; 
Small et al., 2005). In the Stroop task specifically, enhanced visual processing of the 
task-relevant aspect (color) and suppression of the task-irrelevant aspect (word) 
has been demonstrated (Polk, Drake, Jonides, Smith, & Smith, 2008). Our result of 
increased response in visual regions during rewarded Stroop interference control 
therefore may suggest enhanced attention to incongruent rewarded stimuli across 
groups. However, responses in cortical cognitive control regions were additionally 
expected (Engelmann, Damaraju, Padmala, & Pessoa, 2009; Kastner & Ungerleider, 
2000; Padmala & Pessoa, 2011). The lack of group differences in rewarded Stroop 
interference control in both our neural and behavioral results show that in the ADHD 
sample interference control was not ameliorated by reward. We are, however, 
cautious to conclude that reward does not ameliorate interference control in 
adolescents with ADHD, as interference control itself was unimpaired in the current 
ADHD sample.
 We observed no detrimental behavioral effects of reward-associated 
distracters. This may have been caused by the practice procedure, which deviated 
from the original task. Our participants did demonstrate a main effect of reward, 
suggesting sufficient explicit reward learning. Krebs et al. (2011) suggested that the 
reward-associated distracter effect may be attributed to non-conscious saliency, 
automatically triggering visual processing and subsequent response selection in 
the pre-SMA as slower responses on these trials correlated with increased pre-
SMA signaling. Although we also found enhanced visual processing for reward-
associated distracters, suggesting low-level saliency processing, this was not 
accompanied by increased pre-SMA signaling. These findings may suggest that 
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these response selection pathways were not triggered in our adolescent sample, 
and consequently, no conflict occurred at the response level.
 The results may have implications for treatment by offering insight into the 
mechanism by which reward-interference control interactions are processed 
differently in adolescents with ADHD versus controls. Reinforcement (e.g., tangible 
rewards and/or verbal praise) is typically recommended as a component of 
behavioral modification programs in youth with ADHD (Fabiano et al., 2009). 
Behavioral studies have demonstrated that during reinforcement, youth with ADHD 
are able to normalize partly in interference control (Geurts, Luman & van Meel., 
2008) and inhibition (for meta-analysis see: Ma, van Duijvenvoorde, & Scheres, 
2016). So far, neuroimaging studies on this topic primarily investigated indirect 
measurements, such as reward and cognitive control processes in isolation (e.g., 
Cubillo et al., 2012; Plichta & Scheres, 2014) or resting state functional connectivity 
(e.g., Tomasi & Volkow, 2012). Our results uncover the potential mechanism 
underlying these effects more directly. Future studies can elucidate this further by 
using more behaviorally sensitive paradigms.
 Two limitations should be addressed. First, the design may not have been 
optimal to detect behavioral effects of reward on Stroop interference control, as 
reward enhanced performance on both congruent and incongruent trials. However, 
using a task with rewarding incongruent trials only would have created a bias in 
favor of incongruent trials. Second, reward and loss avoidance were combined to 
maximize motivation but their separate effects could not be distinguished in this 
task. Previous work, however, has indicated that VS responses to loss avoidance do 
not differ between adolescents with ADHD and controls (Scheres, Milham, Knutson, 
& Castellanos, 2007), making it less plausible that the neural differences can be 
explained by loss avoidance.
 In conclusion, adolescents with ADHD appear to show inefficient 
hyperconnectivity between the VS and motor regions during rewarded interference 
control. Adolescents with ADHD furthermore demonstrated hyperresponsivity in the 
VS and SFG in response to potential reward. These findings concur with theoretical 
models proposing altered reward sensitivity and deficient reward modulations of 
cognitive control in individuals with ADHD.
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Using force to quantify inhibition 
impairment in children and 
adolescents with ADHD: 
detrimental effects of 
appetitive cues
Ma, I., Halfwerk, K., Mies, G.W., Burk, W., 
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ABSTRACT
Attention-deficit/hyperactivity disorder (ADHD) is characterized by impaired 
response inhibition and altered sensitivity to appetitive cues. Prior research in 
healthy individuals shows that appetitive cues invigorate action tendencies and 
can diminish response inhibition. However, it is unknown whether appetitive cues 
further exacerbate inhibition impairment in individuals with ADHD compared with 
controls. To test this hypothesis, participants (n=36 controls; n=34 ADHD, 9-17 years) 
performed a go/nogo task with appetitive (happy faces), neutral (calm faces) and 
aversive (fearful faces) cues. Forcefulness of button presses was recorded, allowing 
more detailed measurement of the degree to which FAs and correct responses 
were executed. Individuals with ADHD showed diminished response inhibition. 
Furthermore, the force data demonstrated that on nogo trials, both groups showed 
partially executed FAs. However, in the ADHD group these were on average more 
forcefully committed than in controls. The data plots revealed that they showed 
more trials on which no inhibition took place at all (i.e. as forcefully executed as a 
typical button press). Both groups demonstrated more, and more forceful inhibition 
failures for appetitive cues compared with neutral cues, and this effect was 
significantly stronger in the ADHD group, indicated by a group by nogo expression 
interaction. Aversive cues reduced response inhibition in both groups, but this 
effect did not differ between groups. In conclusion, force measurements extend our 
understanding of response inhibition deficits in individuals with ADHD. Furthermore, 
inhibition impairment in children and adolescents with ADHD is exacerbated by 
appetitive cues.
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INTRODUCTION
Cognitive control is crucial to flexibly adapt to our ever-changing environment. 
For example, a pedestrian requires inhibition to stop for a red traffic light. Inhibition 
impairment is associated with Attention Deficit/Hyperactivity Disorder (ADHD) 
(Barkley, 1997). ADHD is a developmental disorder, affects approximately 5% of 
school age youth, and characterized by age-inappropriate excessive levels of 
inattention, impulsivity/hyperactivity (American Psychiatric Association, 2013). 
Influential theoretical models proposed that inhibition impairments, altered 
motivation, and their conjunction play a role in ADHD (e.g., Castellanos, Sonuga-
Barke, Milham, & Tannock, 2006; Sonuga-Barke, 2005). However, inhibition has been 
mostly investigated in isolation in ADHD studies (see for review Willcutt, Doyle, Nigg, 
Faraone, & Pennington, 2005). There are fewer ADHD studies on the interplay between 
inhibition and motivation, especially regarding the question whether motivation can 
exacerbate the inhibition impairment in individuals with ADHD (for review see Ma, 
van Duijvenvoorde, & Scheres, 2016). Moreover, traditional inhibition paradigms 
view inhibition at trial level as a binary process; either a button press is erroneously 
executed, or correctly inhibited. However, inhibition can even take place when a 
response is initiated and partially executed (e.g., Giray & Ulrich, 1993). The current 
study aimed to overcome both limitations by investigating: 1. the detrimental effects 
of appetitive cues on response inhibition, hypothesizing that this approach would 
be more sensitive in distinguishing ADHD from control groups than neutral cues, 
and 2. forcefulness of inhibition failures, thereby providing more detailed insights 
into the extent to which the erroneous response (failed inhibition) is executed.
 Studies in healthy populations have used force measurements during choice 
reaction time (RT) paradigms for more detailed mapping of response inhibition than 
conventional measures (i.e., percentage of erroneous responses) (Carbonnell & 
Falkenstein, 2006; Coles, Gratton, Bashore, Eriksen, & Donchin, 1985; Ko, Alsford, & 
Miller, 2012). Force measurements allow for the assessment of the degree to which 
a response is executed/inhibited (e.g., McGarry & Franks, 1997). Importantly, when 
committing false alarms (responding to a nogo stimulus) in inhibitory control tasks, 
healthy adults show reductions in the forcefulness of their button presses (Ko et al., 
2012; Kopp, Rist, & Mattler, 1996). This demonstrates that inhibition effects on motor 
responses can occur during a trial that would normally be classified as a false alarm 
(FA). Reduced forcefulness during FAs thus reflects inhibition of initiated responses, 
which requires cognitive control (Burle, Possamai, Vidal, Bonnet, & Hasbroucq, 
2002). To our knowledge, no prior studies have assessed motivational modulation 
on response forcefulness during response inhibition or response execution.
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 Studies on motivational modulation of inhibition in youth with ADHD have 
primarily investigated the degree to which monetary/token reinforcement enhances 
inhibition (for review see Luman et al., 2005). A meta-analysis on these studies 
demonstrated that reinforcement normalizes inhibition in youth with ADHD to the 
non-reinforced (baseline) inhibition level of controls (for meta-analysis see Ma et 
al., 2016). This supports the notion that both motivation and inhibition impairment 
are involved in ADHD, and converges with contemporary views of ADHD as multi-
systemic disorder (Coghill, Seth, & Matthews, 2014; Fair, Bathula, Nikolas, & Nigg, 
2012). However, not only can reward enhance task performance, inhibitory control 
can decrease when appetitive cues require inhibition, as previously demonstrated in 
healthy adults (Krebs, Boehler, Egner, & Woldorff, 2011; Krebs, Boehler, & Woldorff, 
2010). Ecological validity may be enhanced in this type of paradigm in comparison 
with conventional inhibition tasks that use neutral cues (e.g., letters or geometric 
shapes) as stimuli. Importantly, the response inhibition deficit in individuals with 
ADHD may be exacerbated when inhibition to an appetitive, versus neutral, cue is 
required. This type of paradigm may therefore show more sensitivity to differences 
between individuals with ADHD and controls than standard paradigms.
 Although the detrimental effects of appetitive cues on inhibition demonstrated 
in healthy adults are informative for the study of ADHD, the prevalence of ADHD is 
higher amongst children and adolescents than adults (e.g., Faraone, Biederman, & 
Mick, 2006). It has been well established that adolescence is marked by an increased 
sensitivity to social incentives (Steinberg, 2005). Therefore, studies focusing on 
development have investigated adolescents’ ability to inhibit a response to appetitive 
social cues (Somerville, Hare, & Casey, 2010). Typically, social cues consist of faces 
with various emotional expressions (e.g., happy and fearful faces) (Hare et al., 2008; 
Schulz et al., 2007; Somerville et al., 2010; Zhang & Lu, 2012). These expressions have 
been shown to bias action tendencies in the perceiver in an expression-specific 
manner (e.g., Roelofs, Minelli, Mars, van Peer, & Toni, 2009). Especially in adolescents, 
happy facial expressions compared to neutral expressions facilitate response 
execution (when happy faces are used as “go stimuli”) and diminish inhibitory control 
when happy faces are used as “nogo stimuli” (Hare et al., 2008; Somerville et al., 
2010). This may reflect invigoration of reactive approach tendencies to happy faces 
in adolescents. Fearful expressions seem to have the opposite effect of happy faces; 
facilitate inhibition and diminish response execution (Hare, Tottenham, Davidson, 
Glover, & Casey, 2005; Hare et al., 2008; Somerville et al., 2010) although this finding 
appears less stable (Marsh, Ambady, & Kleck, 2005; Paulus & Wentura, 2015; Schel 
& Crone, 2013). In sum, using happy facial expressions as nogo stimuli in go/nogo 
tasks may be detrimental to inhibition, in particular for individuals with ADHD. 
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 Studies on the effects of emotional facial expressions on inhibition in youth with 
ADHD are scarce. Kohls et al. (2009) demonstrated that children with ADHD relative 
to controls show stronger improvement of inhibitory control when socially rewarding 
(pictures of happy faces) feedback was used in comparison to monetary feedback. 
Another study suggested that boys with ADHD show more inhibition failures to angry 
faces when these are presented as “nogo” stimuli, possibly reflecting an increased 
reactive action-tendency to anger or impaired anger recognition (Kochel, Leutgeb, 
& Schienle, 2013). These studies suggest that emotional facial expressions modulate 
response inhibition differently in youth with ADHD compared with controls. However, 
no prior studies have investigated whether withholding responses to happy facial 
expressions may better distinguish youth with ADHD from controls than the use of 
neutral inhibition cues.
 In summary, force measurements were expected to provide novel insights into 
inhibition deficits and its modulation by nogo valence. It was hypothesized that for 
all participants happy facial expressions would diminish response inhibition, shown 
by more FAs and more forceful FAs than calm expressions, in particular in the ADHD 
group. In addition, happy facial expressions were expected to potentiate response 
execution, shown by faster and more forceful responses on happy go expressions. 
Fearful expressions were expected to potentiate response inhibition, and show the 
opposite effects of happy expressions. The effects of fearful expressions were not 
expected to differ between groups. Instead, fearful expressions were included as an 
additional control condition to detect if any group by expression interactions were 
valence specific. 
METHODS
Participants 
Seventy-five boys and girls in the age range 9-17 years participated in this study. 
Participants with a clinical diagnosis of ADHD (n=37) were recruited through Karakter, 
the Child and Adolescent Psychiatry University Centre, Nijmegen, The Netherlands. 
The ADHD group was defined in accordance with the DSM-IV criteria for ADHD 
(combined (n=29) and inattentive (n=8) subtypes). Control subjects (n=38) were 
recruited through local advertisements and schools. The groups did not differ on 
gender, age, and IQ. Five participants (3 ADHD, 2 controls) did not complete the task 
due to fatigue or disliking the task and were excluded from the analyses. Thus a 
total of 34 ADHD and 36 control subjects were included in the final analyses (Table 1).
 Clinical assessment was conducted via the following procedure: All ADHD 
participants were previously diagnosed using parent interview, developmental 
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history taking and psychiatric observations by accredited clinical psychologists/
psychiatrists. Furthermore, the diagnosis of ADHD was confirmed in all cases 
at the time of the study based on the parent version of the diagnostic interview 
schedule for children (DISC–IV) (Shaffer, Fisher, Lucas, Dulcan, & Schwab-Stone, 
2000). Additional questionnaires were used as descriptive instruments (Table 1). 
Controls were screened and excluded if they met criteria for psychiatric disorders 
on the DISC-IV and/or child behavior checklist (Achenbach & Edelbrock, 1991). All 
participants were required to have an estimated IQ>75 based on the vocabulary and 
block design of the Dutch Wechsler intelligence scale for children (Kort et al., 2002). 
Participants with ADHD who were using psychostimulants (n=26) discontinued their 
medication 24 hours prior to testing (Greenhill, 1988). Those who used medication 
other than psychostimulants were not included in the study. 
Table 1 | Participant characteristics
Controls 
(n = 36; 21 boys)
ADHD 
(n = 34; 24 boys)
Variable Mean, SD Mean, SD
Group 
difference
Age 13.44 ±2.20 12.68 ±2.68 p=.17, ns
Estimated IQ 106.75 ±13.94 102.06 ±12.09 p=.14, ns
aDBDRS (parents)
Inattention 10.45 ±.94 15.13 ±1.61 p<.001
Hyperactivity/Impulsivity 10.39 ±1.03 14.35 ±2.09 p<.001
ODD 10.82 ±1.40 12.84 ±1.61 p<.001
CD 11.45 ±1.48 12.35 ±1.91 p=.04
bCBCL DSM scales (T-scores)
Affective problems 52.73 ±3.14 58.97 ±12.49 p=.01
Anxiety 50.91 ±2.02 57.52 ±6.08 p<.001
Somatic complaints 52.79 ±4.27 56.97 ±7.83 p=.01
ADHD 51.42 ±3.29 69.81 ±6.04 p<.001
ODD 51.48 ±3.23 59.45 ±8.41 p<.001
CD 51.39 ±2.67 57.58 ±5.93 p<.001
aDisruptive behavior disorders rating scale (Pelham, Gnagy, Greenslade, & Milich, 1992). Standardized 
scores. For the norm group the average score is 10±3. bChild behavior checklist. Alpha = .05
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Study procedure
The study was approved by the local medical ethics committee, conform the 
Declaration of Helsinki (study number: 2011/402). Informed consent was obtained 
from all individual participants included in the study and from their parents. This 
study consisted of 3 consecutive test sessions, which took place on different days in 
the behavioral labs of the Behavioural Science Institute at Radboud University. This 
experiment was part of a larger project with other experimental studies reported 
elsewhere. Participants completed the task in the final session. The families received 
€30 for participating in all sessions.
Go/nogo task
The Go/nogo task stimuli consisted of pictures of happy, calm, and fearful facial 
expressions. Stimuli were selected from the NIMSTIM, a validated database for facial 
expressions (Tottenham et al., 2009). Using this validated stimuli database ensured 
clearly distinguishable expressions, confirmed by 100% correct categorization of 
each stimulus’ expression by all participants prior to the task. 
 The task was presented in three counterbalanced, consecutive blocks. Prior to 
each block, participants were asked to respond as fast as possible to a target (go) 
expression (happy, calm, or fear). The remaining two expressions were non-target 
(nogo) expressions to which they were asked to withhold their response (e.g., when 
happy expressions were go stimuli, calm and fear were nogo expressions). Stimuli 
were presented in a fixed pseudorandomized order (i.e., fewer than 4 consecutive 
nogo trials) (Figure1). Responses were recorded on a force sensor (Phidgets 1106) 
built underneath a button in a Logitech F310 game pad. 
Figure 1 | Go/nogo task.  Each block contained 168 go trials and 72 nogo trials (30%) subdivided 
over the 2 nogo expressions (each 15%). 
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Data preparation
Participants’ responses on the force pads were digitized at 20Hz. Parameters for 
response quantification were extracted using a custom-built algorithm programmed 
in Python. The algorithm corrected for the variable force at baseline of each trial, and 
removed signal fluctuations due to noise caused by movement that was unrelated 
to response execution. For the algorithm to classify a force signal as a response 
(binary; response/no response), the force signal was required to meet criteria that 
were based on pilots and visual inspection of typical response signals. The criteria 
were: 1. the force signal should show a derivative of 350 force units per second (i.e., 
the force signal increase should be fast enough to be consistent with the pattern 
that would match a button press). 2. the minimum duration of a response signal 
should be >100ms in order to match a typical full response shape. 3. The force 
signal had to reach above at least 2.5 SD’s of its trial’s baseline (the baseline of 
a trial was calculated as the mean force signal of the first three samples (60ms) 
from trial onset). 4. The signal should not occur <100ms after stimulus onset (this 
would be too soon for conscious stimulus processing). 5. Responses should not 
occur later than the response deadline of 1500ms (length of stimulus presentation). 
In an independent dataset we compared the algorithm outcome with the output 
of a typical response button. We demonstrated that binary response classification 
using this algorithm resulted in 3% false positives and 1% false negatives, and was 
therefore highly consistent. Note: the difference between the algorithm and the 
outcome of a typically used button does not necessarily reflect malfunction of the 
algorithm but also may reflect insensitivity of a typical button to near-responses. For 
example, when someone initiated a button press that was not forceful enough to 
exceed the button’s threshold, then the traditional button will register no response 
whereas this will be visible in the force data. 
 The force peaks were distilled for all false alarm trials (false alarms were 
identified by the above described criteria). The trials’ force peak was determined by 
first finding the highest pressure value of the signal (absolute force peak value). Then 
the signal slope was tracked backwards and the force level at which the signals’ 
derivative was zero was registered (force at signal onset). The relative force peak 
level was then calculated by subtracting the force at signal onset from the absolute 
force peak value. This was done because the baseline of a trial was variable, so the 
absolute peak parameter was not reliable as a measure of signal change. Force 
signals were normalized to values between 0 and 1, using the highest force peak 
of each participant as the maximum value. RT’s were determined as the time of 
response signal onset relative to the onset of the stimulus (in ms). 
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Analyses
Response inhibition and execution data were analyzed using IBM SPSS Statistics 
22. Response inhibition was examined with two 2 group (ADHD, controls) x 3 nogo 
expression (happy, calm, fear) repeated measures ANCOVA with age (centered) 
as a covariate. The dependent variables were percentage of FAs and force peak 
in the nogo trials. Significant nogo expression x group interactions were followed-
up by repeated measures ANCOVA’s testing the 2 level interactions; group (ADHD, 
controls) x nogo expression (happy, calm), or group (ADHD, controls) x nogo 
expression (fear, calm). 
 To explore whether go context affected the nogo results and varied per group, 
the two contexts in which a nogo expression was presented were compared with 
each other. For example, happy nogo expressions in the Calm go context were 
compared with happy nogo expressions in the Fear go context. This was assessed 
with two 2 group x 2 go context repeated measures ANCOVAs with age as covariate. 
Results are available in supplementary materials.
 Response execution on go trials was examined with three 2 group (ADHD, 
controls) x 3 go expression (Happy, Calm, Fear) repeated measures ANCOVAs with 
age as covariate. The dependent variables in these analyses were RT, RT variability 
(RTSD) and force peak in go trials.
 
RESULTS
Response inhibition
The main effects of nogo expression (FA: F(2, 132)=20.05, p<.001, ηp
2=.23; force: F(2, 
132)=16.46, p<.001, ηp
2=.20) (Figures 2A, 2B) showed more, and more forceful FAs for 
happy nogo expressions (pairwise comparisons FA: F(1, 66)=54.08, p<.001, ηp
2=.45; 
force: F(1, 66)=10.32, p=.002, ηp
2=.14) than calm nogo expressions, and fearful nogo 
expressions (FAs: F(1, 66)=13.61, p<.001, ηp
2=.17; force: F(1, 66)=44.59, p<.001, ηp
2=.40). 
To lesser extent, fearful nogo expressions showed more, and more forceful FAs 
(FA: F(1, 66)=4.76, p=.03, ηp
2=.07; force: F(1, 66)=3.99, p=.05, ηp
2=.06) than calm nogo 
expressions, although these were smaller effects relative to the happy-calm 
comparison.
 The main effect of group (FA: F(1, 66)=4.45, p=.04, ηp
2=.06; force: F(1, 66)=5.55, p=.02, 
ηp
2=.08), suggested more, and more forcefully executed FAs in the ADHD group 
than controls. The group difference in force occurred the high force range (around 
75% of the maximum), indicating more highly forceful FAs in the ADHD group than 
controls (Figure 2C). 
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Figure 2A | Heatplots for failed inhibitions. Heatplots were created by plotting all trials’ force signals 
per stimulus type, per group. Lighter colors represent strongest overlapping signals. Each cell is a 
plot per nogo expression, per group. Cell’s y-axis: signal forcefulness. Cell’s x-axis: duration of one 
trial (from stimulus onset to the trial offset). The heatplot for the ADHD group in happy nogo (top 
right) shows more overlapping signals and is hence lighter than that of controls (top left). Figure 
2B | Average false alarm percentage for each expression and group. Figure 2C | Density plot of 
the force peak level during false alarms for both groups shows that the ADHD group had more 
forceful failed inhibitions than controls. The group difference emerged above 70% of the maximum 
pressure. Figure 2D | Heatplot for go trials show the signal overlap per group and per go stimulus.
There was an interaction between group and nogo expression on FA (F(2, 132)=3.06, 
p=.05, ηp
2=.04) but not on force (F(2, 132)=2.27, p=.11, ηp
2=.03). Follow-up analyses 
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indicated significantly more FAs on happy versus calm nogo expressions in the 
ADHD group compared with controls (F(1, 67)=8.50, p=.005, ηp
2=.11), but there was no 
group difference in fear versus calm expressions (F(1, 67)=1.11, p=.30, ηp
2=.02). During 
happy nogo expressions, the group difference was significant (t(1, 68)=2.83, p=.006, 
d=.68), while during the calm nogo expressions the group difference was marginal 
(t(1, 68)=1.71, p=.09, d=.41). This demonstrates that the ADHD group showed weak 
inhibition, exacerbated during happy nogo expressions.
 The main effect of age (FA: F(1, 66)=7.02, p=.01, ηp
2=.10; force F(1, 66)=8.39, p=.005, 
ηp
2=.11) indicated that FA and forcefulness of FAs decreased with age. No interactions 
between age, group and nogo expression emerged as statistically significant (all 
p’s>.68).
Response execution
The a main effect of expression (RT: F(2, 132)=10.80, p<.001, ηp
2=.14; RTSD: F(2, 
132)=4.96, p=.009, ηp
2=.07) indicated that responses on happy go trials were faster 
and had smaller RTSD’s than calm go trials (RT: F(1, 66)=11.38, p=.001, ηp
2=.13; RTSD: 
F(1, 66)=5.52, p=.02, ηp
2=.08) and fear go trials (RT: F(1, 66)=23.16, p<.001, ηp
2=.26; RTSD: 
F(1, 66)=7.70, p=.01, ηp
2=.10). Calm and fear expressions did not differ (RT: F(1, 66)=.11, 
p=.74, ηp
2=.002; RTSD: F(1, 66)=1.19, p=.28, ηp
2=.02, Figure 2D).
 There was no main effect of ADHD on RT and RTSD (RT: F(1, 66)=.004, p=.95, 
ηp
2<.001; RTSD: F(1, 66)=2.67, p=.11, ηp
2=.04) and no interaction between go expression 
and group (RT: F(2, 132)=.64, p=.53, ηp
2=.01; RTSD: F(2, 132)=.21, p=.81, ηp
2=.003). The main 
effect of age was significant (RT: F(1, 66)=35.66, p<.001, ηp
2=.35; RTSD: F(1, 66)=18.51, 
p<.001, ηp
2=.22), RT’s were faster and less varied with increasing age. There were no 
interactions between age and group and/or expression on RT, RTSD (all p’s>.53). 
No statistically significant main effects or interactions were detected in the analysis 
examining force in the go trials (all p’s>.06).
DISCUSSION
We examined whether appetitive cues would exacerbate the inhibition impairment 
in youth with ADHD, thereby better distinguishing ADHD from control groups than 
neutral cues. Force measurements provided detailed insight into the nature of weak 
response inhibition in youth with ADHD. First, force measurements showed that FAs 
were more forcefully executed in the ADHD group than in controls. Second, the 
task manipulation was successful: happy nogo expressions were associated with 
poorer inhibition than calm nogo expressions. This was reflected by more false 
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alarms during happy nogo trials, which were also more forceful. Third, a significant 
group by nogo expression interaction confirmed our hypothesis: happy nogo 
expressions were more detrimental to inhibition in the ADHD group than in controls, 
indicating that the inhibition impairment in the ADHD group was exacerbated by 
appetitive cues. Importantly, there were no group differences in response execution 
(i.e., force, RT and RTSD during go trials), suggesting that the group differences in 
inhibition were not confounded by group differences in general motor processes. 
Finally, fearful nogo expressions also impaired inhibition compared with calm nogo 
expressions, albeit to a lesser extent than happy nogo expressions. As predicted, 
this latter effect did not interact with group.
 To our knowledge, this is the first study to elucidate impaired response inhibition 
in such detail in an ADHD sample. Overall, the ADHD group committed more FAs, 
consistent with the literature on impaired response inhibition in children with ADHD 
(Alderson, Rapport, & Kofler, 2007; Willcutt et al., 2005). Force measurements added 
to this by demonstrating that FAs were more forceful in the ADHD group than in 
controls. Across groups, the pattern of the force was distributed bimodal, consistent 
with the notion that inhibition difficulty increases with the degree to which the 
response was initiated (Logan, 1994). Specifically, our data suggests that in the low 
force range, little of the response was initiated and response inhibition occurred 
frequently. In mid-range, responses were further initiated, which should make 
inhibition more difficult, and accordingly, inhibition occurred least often in the force 
mid-range. Within the high force range, however, the response is not cancelled 
and the error is thus fully committed. Importantly, these full-force errors occurred 
more often in the ADHD group than controls and in fact, drove the group difference 
(Figure 2D). This suggests that FAs in the ADHD group often occurred in a force 
range that is consistent with their full button press (i.e. no response cancellation). 
Moreover, the group difference in force was absent on the go trials, suggesting 
that the group difference on the nogo trials was not explained by an overall more 
cautious response style in controls. 
 Regarding the underlying mechanisms of the group difference in forcefulness 
of FAs, fMRI studies in youth with ADHD have linked impaired response inhibition 
to aberrant fronto-striatal and fronto-parietal network activation in children and 
adolescents with ADHD (e.g., Cubillo, Halari, Smith, Taylor, & Rubia, 2012; van Rooij 
et al., 2015). This suggests widespread impairment in cognitive control and attention 
networks. The literature on partial inhibitions as measured with force suggested that 
error detection is crucial for successful cancellation of the initiated response: once a 
response is initiated and partially executed, the participant should detect this (partial) 
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error before (s)he can correct it by inhibiting (e.g., Coles, Scheffers, & Holroyd, 2001; 
Scheffers, Coles, Bernstein, Gehring, & Donchin, 1996). In other words, inhibition of 
an initiated response is preceded by error detection. In healthy adults, partial errors 
are preceded by an earlier occurrence of error-related negativity (ERN) compared 
with full errors (Carbonnell & Falkenstein, 2006). The ERN is an event-related-brain 
potential (ERP) signal associated with incorrect responses (Falkenstein, Hohnsbein, 
Hoormann, & Blanke, 1991; Gehring, Goss, Coles, Meyer, & Donchin, 1993) and 
originates from medial prefrontal areas (Debener et al., 2005; Dehaene, Posner, & 
Tucker, 1994; Kiehl, Liddle, & Hopfinger, 2000). Individuals with ADHD show blunted 
ERN following error commission compared with controls (for review see Johnstone, 
Barry, & Clarke, 2013), suggesting compromised error detection. Similar association 
between blunted ERN and the increased amount of fully committed FAs may be 
expected if this is indeed due to compromised error detection. Future ADHD studies 
which combine force measurements with EEG and/or fMRI measures are required 
to investigate the underlying neural mechanisms.
 The effects of appetitive cues on inhibition across groups are consistent with 
previous reports in children and adolescents (Somerville et al., 2010), as well as 
young adults (e.g., Paulus & Wentura, 2015; Schulz et al., 2007). Interestingly, 
appetitive stimuli (happy nogo expressions) exacerbated the inhibition impairment 
in youth with ADHD. Valence-specificity was shown, as aversive cues (fearful nogo 
expressions) diminished inhibition but not more so in the ADHD group than controls, 
suggesting that there was no general amplified approach reactivity to non-neutral 
facial expressions in the ADHD group. Furthermore, the group difference effect 
size during calm nogo expressions approximated the ADHD versus control group 
difference effect size in a meta-analysis of go/nogo tasks (current study d=.41, in 
meta-analysis effect size =.49, Wright et al., 2014). This supports our suggestion 
that calm nogo expressions were similar to neutral cues in the standard tasks. 
Importantly, the effect size of the between group difference was larger during happy 
nogo expressions (d=.68), suggesting that appetitive nogo cues are indeed more 
sensitive to detect ADHD versus control group differences than the neutral nogo 
cues. Future research is needed, including replication and investigation of underlying 
mechanisms, yet this study took an important first step towards incorporating 
motivation into a response inhibition paradigm, capturing more variance explained 
by the presence of ADHD. Furthermore, it supports recent theories, which propose 
that an altered interaction between motivation and cognitive control plays a pivotal 
role in ADHD (Castellanos et al., 2006).
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The happy go expressions facilitated responding in both groups. This is consistent 
with prior research showing that appetitive cues invigorate motor responses (e.g., 
Chiu, Cools, & Aron, 2014) and elicits approach motivation (e.g., Chen & Bargh, 
1999). On go trials there was no significant group difference, suggesting that this 
behavioral bias towards appetitive cues was present in both groups, but that the 
ADHD group in particular demonstrated impaired inhibition of this behavioral bias. 
This may reflect diminished regulation to override such an automatic approach 
tendency and may be subserved by connectivity between prefrontal and ventral 
striatal regions (Somerville et al., 2010).
 Strengths of this study included force measurements, and a sophisticated 
algorithm for analyzing force data. Previous studies typically used an arbitrary 
force criterion in order to distinguish overt from partial responses (Carbonnell 
& Falkenstein, 2006; Kopp et al., 1996). An arbitrary criterion may be less efficient 
to filter out noise caused by small movements. Limitations this study should 
also be addressed, which may guide future research to extend the scope of the 
current study. As suggested above, this study did not include the use of ERP and 
neuroimaging techniques. These techniques may elucidate impairments in the 
mechanisms underlying forceful FAs in the ADHD group. In addition, children with 
ADHD are known to show compromised emotion regulation, in particular anger 
regulation (Sjöwall, Roth, Lindqvist, & Thorell, 2013; Sjöwall & Thorell, 2014). This 
study did not include angry facial expressions. Prior research showed that those 
will also exacerbate the inhibition impairment in children with ADHD compared 
with controls (Kochel et al., 2013), suggesting that this may also be an interesting 
contextual effect to better discriminate between children with ADHD and controls. 
Furthermore, specific developmental questions can be addressed more thoroughly, 
such as the role of pubertal maturation, and cognitive development across the 
lifespan. 
 In conclusion, force measurements allowed novel, detailed insights into the 
intensity of responses and inhibition failures in children and adolescents with 
ADHD. The force results emphasized that inhibition is not an all-or-none process 
(i.e., pressing a button or not). Specifically, the ADHD group showed more inhibition 
errors that were as forcefully executed as a typical button press compared with 
controls. This group difference was not seen in the low force range where an 
erroneous response was initiated and only partially executed, suggesting that the 
ADHD group showed more inhibition errors on which they did not inhibit at all. The 
inhibition impairment in the ADHD group was exacerbated by appetitive, but not 
aversive social cues. The use of appetitive nogo cues yielded larger between group 
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effect sizes than neutral cues, and showed a larger between group effect size than 
previously reported in a meta-analysis of standard go/nogo tasks. This indicates 
that the use of appetitive nogo cues in neuropsychological inhibition tasks may 
show higher sensitivity to detect differences between ADHD and healthy control 
groups than neutral nogo cues. The findings support recent models that propose an 
altered interaction between motivation and cognitive control systems in individuals 
with ADHD.
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SUPPLEMENTARY 
Post-hoc analyses 
Dimensional analyses across participants were conducted in order to assess 
the individual contribution of inattention and hyperactivity/impulsivity (hy/imp) 
symptoms in the above mentioned group difference during happy nogo expressions. 
Specifically, spearman rho correlations showed that both inattention and hy/
imp correlated with percentage of failed inhibitions on happy nogo expressions 
(inattention rho=.33, p=.009; hy/imp rho=.32, p=.01). Both symptom dimensions 
correlated highly (rho =.83, p<.001). Partial spearman rho correlations between 
inattention and percentage of failed inhibitions on happy nogo expressions, 
corrected for hy/imp symptoms did not show significant results (partial rho=.11, 
p=.37), nor vice versa (no significant correlation with hy/imp, corrected for inattention, 
partial rho =.09, p=.47). This suggests that the group difference in failed inhibition 
percentage on happy nogo expressions was not uniquely driven by one of the 
symptom dimensions, likely due to the high correlation between the dimensions. 
ADHD symptoms were measured with the disruptive behavior disorders rating 
scale (DBDRS) (Pelham et al., 1992).
 In order to examine whether the group difference in the group by nogo expressions 
on failed inhibition was driven by comorbid ODD, we excluded those individuals 
(n=9). The nogo expression (happy, calm, fearful) by group (ADHD, controls) repeated 
measures ANCOVA showed that the group by nogo expression interaction term just 
fell short of statistical significance (F(2, 114)=2.77, p=.07, η
p
2=.05). The effect size did not 
decrease suggesting that the discrepancy in statistical significance may be due to 
lower power as the number of participants was decreased. Importantly, the group 
difference in percentage of failed inhibitions on happy nogo expressions remained 
significant (F(1, 57)=7.63, p=.008, ηp
2=.12).
Go expression effects on inhibition
Go expression did significantly modulate the effects of nogo expressions on inhibition 
for calm and fearful stimuli (all p’s>.08). Only the effect of happy nogo expressions on 
inhibition depended on go context. Specifically, a lower percentage failed inhibitions 
(F(1, 67)=4.22, p=.04, ηp
2=.06) and less forceful failed inhibitions (F(1, 67)=5.42, p=.02, 
ηp
2=.08) were observed when happy nogo expressions were presented in the Calm 
go expression context compared to when happy nogo expressions were presented 
in the Fear go expression context. There were no interactions with group, indicating 
that this effect of go context did not differ between groups (all p’s>.09).
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Table S1 | Descriptive statistics
Controls
Mean, SD
ADHD
Mean, SD
Total
Mean, SD
Percentage failed happy nogo 16.20±15.54 26.80±15.75 21.35±16,42
Percentage failed calm nogo 12.15±14.07 17.85±13.89 14.92±14.17
Percentage failed fear nogo 13.35±13.54 21.28±13.55 17.20±14.03
Peak height failed happy nogo 09.44±11.18 17.03±11.90 13.13±12.07
Peak height failed calm nogo 06.70±09.29 11.16±09.70 08.86±09.68
Peak height failed fear nogo 07.24±08.00 13.48±09.19 10.27±09.10
Go RT Happy (ms) 680.52±255.48 705.89±197.18 692.84±227.74
Go RT Calm (ms) 736.58±254.40 792.77±240.17 763.87±247.42
Go RT Fear (ms) 728.98±253.21 790.20±234.33 758.72±244.40
Go omission percentage Happy 1.14±1.73 2.59±3.94 1.85±3.08
Go omission percentage Calm 1.29±1.73 4.96±6.68 3.07±5.13
Go omission percentage Fear 2.07±4.16 4.12±4.77 3.06±4.55
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ABSTRACT
This study examined reward-related decision-making in children and adolescents 
with ADHD in a social context, using economic games. We furthermore examined 
the role of individual differences in reward-related decision-making, specifically, the 
roles of reward sensitivity and prosocial skills. Children and adolescents (9-17 years) 
with ADHD-combined subtype (n = 29; 20 boys) and healthy controls (n = 38; 20 
boys) completed the ultimatum game and dictator game as measures of reward-
related decision-making in social contexts. Prosocial skills were measured with the 
Interpersonal Reactivity Index. The ADHD group had a larger discrepancy between 
ultimatum game and dictator game offers than controls, indicating strategic rather 
than fairness driven decisions. This finding was supported by self-reports showing 
fewer individuals with ADHD than controls who considered fairness as motive for 
the decisions. Perspective-taking or empathic concern did not differ between 
groups and was not significantly associated with offers. In conclusion, the results 
suggest that rather than a failure to understand the perspective of others, children 
and adolescents with ADHD were less motivated by fairness than controls in simple 
social situations. Results encourage the use of economic games in ADHD research.
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is a common childhood-
onset disorder characterized by age-inappropriate levels of inattention and/or 
hyperactivity-impulsivity that are present in multiple settings (American Psychiatric 
Association, 2000, 2013). In addition to its core symptoms, ADHD is associated with 
an increased risk for behaviors reflecting poor decision-making skills (Ramos-
Quiroga, Montoya, Kutzelnigg, Deberdt, & Sobanski, 2013) such as unsafe driving 
(Ramos-Quiroga et al., 2013), sustaining injuries (Dalsgaard, Leckman, Mortensen, 
Nielsen, & Simonsen, 2015) and social dysfunctions (Nijmeijer et al., 2008). 
 Two widely studied factors contributing to decision-making that are part of 
influential theoretical accounts of ADHD are alterations in cognitive control (e.g., 
Barkley, 1997; Castellanos & Tannock, 2002; Pennington & Ozonoff, 1996) and 
reward processing (Luman et al., 2005). In line with growing awareness of ADHD 
heterogeneity (e.g., Castellanos & Tannock, 2002; Sjowall et al., 2013), decision-
making in the context of ADHD may be best viewed as the result of interactions 
between cognitive control and motivational states (e.g., Castellanos et al., 2006; 
Sonuga-Barke & Fairchild, 2012). This relates to decision-making contexts in which 
the motivational significance of stimuli needs to be appraised, also referred to as 
reward-related decision-making, when the motivational component pertains to 
monetary outcome (e.g., Loewenstein, 2000; Metcalfe & Mischel, 1999; Zelazo & 
Müller, 2002).
 Research on reward-related decision-making in individuals with ADHD has mainly 
focused on risk tasks (gambling) and temporal discounting tasks (choice between 
small immediate and large delayed rewards). Children and adolescents with ADHD 
show increased risky performance and a stronger preference for small immediate 
rewards compared with controls (Groen et al., 2013; Jackson & MacKillop, 2015).
 These two lines of research provided important insight into reward-related 
decision-making in individuals with ADHD. However, this research was conducted 
using non-social tasks. Importantly, social and emotional impairments are associated 
with ADHD (Wehmeier, Schacht, & Barkley, 2010). Therefore, it is relevant to study 
decision-making while appraising the motivational significance of stimuli in social 
interactions in individuals with ADHD. Indeed, children with ADHD demonstrate 
fewer prosocial behaviors such as empathy (especially those with comorbid 
conduct problems; Herpers, Rommelse, Bons, Buitelaar, & Scheepers, 2012), have 
less stable friendships (Normand et al., 2013), and show more peer rejection than 
children without ADHD (Erhardt & Hinshaw, 1994; Hodgens, Cole, & Boldizar, 2000; 
Hoza et al., 2005; McQuade & Hoza, 2008; Pelham & Bender, 1982; Tseng, Kawabata, 
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Gau, & Crick, 2014) (but also see Glass, Flory, & Hankin, 2012). Peer rejection and social 
dysfunction are important negative consequences of ADHD and are associated with 
poor long-term outcomes including cigarette smoking, delinquency, anxiety and 
global impairment, emphasizing the relevance of investigating social behavior in 
children with ADHD (Mrug et al., 2012; Nijmeijer et al., 2008). Adding social contexts 
to reward-related decision-making tasks will thus increase the ecological validity. 
Also, it provides insight into interactions between reward-related decision-making 
and social functioning. 
 Paradigms assessing social reward-related decision-making have been 
widely used in the field of economics. One of its aims is identifying factors that 
influence financial decision-making. Such paradigms, called economic games, 
have been extensively investigated and their typical effects are well documented. 
One such game, the ultimatum game (UG), assesses ultimatum bargaining (Guth, 
Schmittberger, & Schwarze, 1982). An ultimatum is defined as a situation in which 
one player (Proposer) proposes a division, which the second player (Responder) 
can either accept or reject. The Responder can either accept the offer; both players 
then receive the money (divided as proposed). Alternatively, the Responder 
rejects, and both players will receive nothing. Always accepting the offer would 
be most economically beneficial (small monetary gain is better than none), but it 
has been well established that relative offers of < 20% are typically rejected (Guth, 
Schmittberger, & Schwarze, 1982) (e.g Camerer, 2010; Guth et al., 1982; Thaler, 1988). 
This demonstrates that people do not exclusively value material gain (Camerer & 
Thaler, 1995; Güth & Tietz, 1990). In the current study, participants take on the Proposer 
role. Therefore, Proposers have to consider that a too low offer may be rejected, 
whereas a reasonably equal split has a high acceptance chance. Accordingly, 
offers made in the UG are typically close to 50% of the total (Camerer, 2005). 
 In addition to these strategic considerations, another possible motive for 
proposing equal splits in the UG is fairness (Camerer, 2005; Forsythe, Horowitz, Savin, 
& Sefton, 1994; Scheres & Sanfey, 2006; Van Dijk & Vermunt, 2000). The dictator 
game (DG) can be used in addition to the UG to tease apart strategy from fairness. 
This paradigm is identical to the UG except for the crucial fact that the Responder 
cannot reject. Thus, both players will receive the Proposers’ offer, regardless of the 
Responders’ opinion (Kahneman, Knetsch, & Thaler, 1986). Therefore, in the DG, 
fair offers are likely motivated by fairness, and not strategy (e.g., Camerer, 2005; 
Martinsson, Myrseth, & Wollbrant, 2012). Accordingly, offers in the DG are typically 
lower than in the UG (Camerer, 2005). If the discrepancy between offers in both 
games is high (e.g., the participant offers 50% of their money in the UG but 0% in 
6121 
Chapter 6Decision-Making in Social Contexts in ADHD
the DG), then the UG offer reflects strategic bargaining. In other words, the player 
increased the acceptance likelihood in the UG by offering a share that will not likely 
be rejected (Scheres & Sanfey, 2006). Alternatively, if the discrepancy between both 
games is low (e.g., when the Proposer offers 50% in both the UG and DG games), 
then the UG offer likely reflects a fairness motive, because in the DG the Responder 
is not able to reject the offer. Thus, the combination of games can be used to assess 
motives behind reward-related decision-making. 
 These games have been thoroughly studied in children and adolescents 
without ADHD (for review see Crone et al., 2014). In 3-8 year-olds, preferences shift 
from more selfish DG decisions to relatively more equal splits with increasing age 
(Fehr, Bernhand & Rockenback, 2008). Children at age 8-9 no longer differ from 
adolescents and adults in their DG decisions (Harbaugh, Krause, & Liday, 2003). 
Strategic social decision-making follows a more prolonged development. Six to 
13-year-olds show stable DG offers but not UG offers, and thereby the difference 
between the offers increases with age. Higher UG offers were positively associated 
with individual differences in response inhibition and left dorsolateral prefrontal 
cortex (DLPFC) response and cortical thickness (Steinbeis, Bernhardt, & Singer, 
2012). These games have been well studied and both show robust effects of 
social context (UG versus DG) in healthy populations. In addition, the instructions 
are easy to understand. Straightforward instructions and short tasks are preferred 
when comparing individuals with psychopathology such as ADHD with healthy 
controls, because of the possibly impaired working memory or attention deficits in 
the psychopathology group. Therefore, these paradigms are suitable for studying 
social decision-making in children with and without ADHD but also across different 
age groups. The first is especially an understudied, but relevant area of research 
(also see Sharp, Monterosso, & Montague, 2012).
 In summary, the primary goal of this study was to assess reward-related 
decision-making in social contexts in children and adolescents with ADHD and 
controls. Specifically, considerations of fairness versus strategic bargaining were 
assessed by administering the UG and DG in the role of the Proposer. Self-reports 
provided more insight into the motives behind decisions. Because ADHD is 
associated with atypical reward sensitivity and lower cognitive control (Haenlein & 
Caul, 1987; Luman, Oosterlaan, & Sergeant, 2005), the main hypothesis was that the 
ADHD group would aim to maximize their monetary gain. If participants with ADHD 
would make low offers in both games relative to controls, this would be interpreted 
as a limited consideration of fairness and others’ perspective. On the other hand, 
if individuals with ADHD would make lower offers than controls in the DG but not 
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in the UG (large discrepancy), this would indicate strategic bargaining, while also 
understanding others’ perspective. As a secondary goal, group differences in 
prosocial behavior were examined, also in relation to offers. We expected prosocial 
behavior to be associated with fairness preference.
METHODS
Participants and screening procedure
The final sample consisted of 67 children and adolescents in the age range of 9-17 
years. Participants with ADHD-combined subtype (ADHD-C; n = 29) were recruited 
through Karakter, Child and Adolescent Psychiatry Department of the Radboud 
University Nijmegen Medical Centre. Control subjects (n = 38) were recruited 
through local advertisements and schools. The groups did not significantly differ on 
gender, age, and IQ (see Table 1).
 Clinical assessment: All ADHD subjects were previously diagnosed with 
ADHD-C by accredited clinical psychologists/psychiatrists. Furthermore, the 
diagnosis of ADHD-C was re-confirmed by a trained psychologist at the time of 
the study using a structured parent interview: the Diagnostic Interview Schedule 
for Children (DISC–IV) (Shaffer, Fisher, Lucas, Dulcan, & Schwab-Stone, 2000). 
Participants with ADHD were excluded if they met the psychiatric disorder criteria 
other than ADHD on the DISC-IV, except for oppositional defiant disorder (ODD). 
Because of the high comorbidity with ADHD, subjects with comorbid ODD (n = 9) 
were included. Additional questionnaires were used as descriptive (not diagnostic) 
instruments (Table 1). Participants with ADHD who were using psychostimulants (n = 
20) discontinued their medication 24 hours prior to testing (Greenhill, 1998)
 Controls were excluded if they met criteria for psychiatric disorders on the DISC-IV, 
as assessed by a trained psychologist, or scored within clinical range on the Disruptive 
Behavior Disorder Rating Scale (DBDRS; Oosterlaan, Scheres, Antrop, Roeyers, & 
Sergeant, 2000) or CBCL (CBCL; Achenbach & Edelbrock, 1991). Participants in both 
groups were required to have an estimated IQ > 75 based on the vocabulary and block 
design of the Dutch Wechsler intelligence scale for children (WISC-III; Kort et al., 2002). 
Interpersonal Reactivity Index (IRI)
The IRI was included to measure the prosocial behaviors, perspective-taking and 
empathy. The 28-item IRI self-report is designed for the assessment of empathy 
(Davis, 1980), defined as “the reactions of one individual to the observed experiences 
of another (p. 1)”. Participants responded on a five-point Likert scale. The IRI consists 
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of four subscales: perspective-taking, empathic concern, fantasy and personal 
distress with high reliability (Chronbach’s alpha .72, .70, .78 and .73, respectively, for 
early adolescents (Hawk et al., 2013). We used the subscales perspective-taking 
and empathic concern. Perspective-taking refers to the ability to spontaneously 
adopt the psychological viewpoint of someone else. Empathic concern addresses 
feelings of sympathy and concerns for unfortunate others (Davis 1980). In the current 
sample, the reliability of perspective-taking and empathic concern (subscales of 
interest) were good (Chronbach’s alpha .74 and .68, respectively).
Reward-related social decision-making tasks
Ultimatum game
Participants played a one-shot UG in the role of the Proposer. They were informed 
that they were randomly selected to fulfill the role of the Proposer and instructed to 
distribute €5 between themselves and an anonymous partner (Responder). They 
were told that the Responder was another participant in the study of the same age 
who could either accept or reject their offer. If the offer was accepted, the money 
would be divided as proposed. If the offer was rejected, neither player would receive 
anything. It was emphasized that the game was played for real money and that they 
would be paid on their next visit (study procedure) based on the decision made by 
the Responder. It was further emphasized that all players would remain anonymous 
and that they would not meet or interact in any of the subsequent experiments. 
The participants indicated their offer on a paper with two rows indicating amounts 
displayed in 50-cent increments from €0 to €5. In reality, there was no responder 
and when offers fell below €2 the experimenters told participants during their next 
visit that the offer was rejected. If the offer was higher or equal to €2, participants 
were told that their offer was accepted and they were paid accordingly. Rejecting 
offers that are much lower than 50% of the total amount would be a realistic reaction 
(Nowak, Page, & Sigmund, 2000). 
Dictator game
Participants played a one-shot DG, also in the role of the Proposer. The procedure 
was the same as outlined above, except that the Responder did not have the option 
to reject the offer and participants were explicitly informed of this. Furthermore, 
they were told that they would make this offer to another, anonymous partner. After 
their choice, they received the amount that they wanted to keep for themselves 
immediately. They were not informed of this immediate payoff before their choice. 
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Self-reports
After completing both games, all participants were asked to respond to three 
questions concerning the games: “How did you make your decision during the 
game?” (for UG and DG) and “How difficult was it to make these decisions?” These 
were asked as open-ended paper and pencil questions to avoid evoking response 
biases. The responses were evaluated qualitatively and categorized based on the 
content (see below).
Study procedure
This study was approved by the local medical ethics committee consistent with 
the Dutch Act on Medical Research Involving Human Subjects. Informed consent 
was obtained from all participants and their parents. This study consisted of 
three consecutive test days. This experiment was part of a larger project with 
other experimental studies reported elsewhere. Participants completed the IQ 
assessment, UG and DG, and questionnaires in the first session in the behavioral 
laboratories of the Radboud University. The families received €30 for participating 
in all the sessions.
Analyses
ADHD versus control comparisons for offers
The dependent variables were not normally distributed. Therefore, we performed 
non-parametric Mann-Whitney U tests to examine whether participants with ADHD 
differed from controls on UG offers, DG offers and strategic bargaining (UG - DG 
offers). Effect sizes for the Mann Whitney U (denoted as r) were computed by dividing 
the Z statistic by the square root of the sample size, with small, medium and large 
effect sizes of r = .01, 0.3 and 0.5, respectively (Field, 2005). Significant Mann-Whitney 
U tests were followed by categorizing DG offers into fair (50%), intermediate (0% > 
50%) and unfair (0%) decisions. Groups were then compared on categories using 
a Chi-square test and a significant result was further examined by converting the 
adjusted residuals (Z-scores) to Chi-square values and testing those against a Chi-
square distribution (Bonferroni corrected alpha = .0167) as recommended to identify 
group differences per category following significant Chi-square tests (Sharpe, 2015). 
Age did not correlate with UG offers (rho = .01, p = .96) or DG offers (rho = .08, p = .50). 
Therefore, it was not included as a factor in the analyses.
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Self-reports
To examine between-group differences in fairness versus strategic considerations in 
the UG and DG offers and their difference score, responses were stratified into three 
categories and compared between diagnostic groups using Bonferroni-corrected 
Chi-square tests (alpha = .0167). Responses on the UG and the DG question could 
be stratified into the categories: (1) fair or (2) strategic. Responses to question 3 
were categorized into two options: (1) difficult or (2) easy. For all three questions, 
the answer was assigned to a third category if a participant responded not to know 
their motive. To assess which consideration contributed to the offers in the games, a 
Kruskal-Wallis test was conducted for the three response categories. If the Kruskal-
Wallis test was significant, post hoc Bonferroni-corrected Mann-Whitney U tests 
were conducted (alpha = .0167). For these analyses, the coded responses (fair/
strategic/do not know) to the self-report questions were entered as independent 
variables, while offer sizes and the difference (UG - DG offers) were the dependent 
variables.
Reward-related decision-making associations with IRI
To examine whether empathic concern and perspective-taking correlated with 
strategic bargaining, Spearman rho correlations were computed across groups. 
Bonferroni corrections for multiple comparisons were applied, alpha = .006. Ten 
participants (7 controls, 3 ADHD) did not complete the scales and were excluded.
RESULTS
Descriptive statistics
In accordance with previous reports (Camerer, 2005), the mean offer made in the 
UG was between 40 and 50% of the total: 48% (M = €2.40; SD = 0.26). The mode was 
€2.50 and the range €1-3. As expected (Camerer, 2005), the current study shows 
that the mean offer in the DG was lower than that in the UG and close to 20% of the 
total: 19% (M = €0.90; SD = 1.05). The mode was €0 and the range €0-2.50.
 For the IRI, the mean score over all participants for perspective-taking was 12.67 
(SD = 4.18); for empathic concern, it was 13.14 (SD = 3.52). There were no significant 
group differences in either of the scales (Table 1).
 The ADHD and control groups differed in the DBDRS and CBCL scales (Table 1). 
The ADHD and control groups did not significantly differ in age, IQ or gender (χ2(1,75) 
= 1.74, p = .24; Table 1).
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Table 1 | Participant characteristics
Controls (n = 38; 20 boys) ADHD (n = 29; 20 boys)
Variable Mean, SD Mean, SD
Group 
difference
Age 13.24 ±2.32 12.31 ±2.38 p = .11
Estimated IQ 107.55 ±14.47 101.62 ±12.03 p = .08
aDBDRS (parents)
   Inattention 10.44 ±.93 15.18 ±1.60 p < .001
   Hyperactivity/
   Impulsivity
10.38 ±1.02 14.48 ±2.09 p < .001
   ODD 10.82 ±1.38 12.94 ±1.62 p < .001
   CD 11.44 ±1.46 12.39 ±1.85 p = .03
bCBCL (T-scores)
   Social problems 51.43 ±2.44 59.16 ±7.69 p < .001
   Rule-breaking
   behavior 
52.06 ±3.55 57.96 ±7.54 p = .001
  Aggressive behavior 50.69 ±1.94 62.96 ±7.33 p < .001
CBCL DSM scales (T-scores)
  Affective problems 52.63 ±3.08 61.88 ±7.16 p < .001
  ADHD 51.37 ±3.20 70.84 ±5.89 p < .001
  ODD 51.43 ±3.15 61.12 ±8.69 p < .001
  CD 51.31 ±2.61 58.88 ±6.41 p < .001
IRIc
   Perspective-taking 2.1 ±.72 2.08 ±.69 p = .78
   Empathic concern 2.25 ±.49 2.11 ±.70 p = .36
aDisruptive behavior disorders rating scale (Pelham, Gnagy, Greenslade, & Milich, 1992). Standardized 
scores. For the norm group, average score is 10±3. bChild behavior checklist. CInterpersonal reactivity 
index. Alpha = .05
ADHD versus control comparison for offers
For UG offers, we found no significant difference between the control and ADHD 
group (Figure 1A; U = 537.00, p = .80, r = -.03). In the DG, the ADHD group made 
lower offers than controls (Figure 1B; U = 381.50, p = .02, r = -.29). The Chi-square 
analysis clarified this finding by showing a group difference in the fair/intermediate/
unfair categories (χ2(2, 67) = 8.37, p = .02). This group difference was driven by the 
lower amount of fair offers from ADHD participants (50% of the total amount) (n = 
1) than controls (n = 12; Z = ±2.90, p = .004). There were no group differences in the 
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intermediate category (Z = ±.70, p = .48) or in the unfair category (Z = ±1.60, p = .11).
As for strategic bargaining, the ADHD group (median (Mdn) = 2.00, range = 0-2.50) 
had a significantly larger difference between the UG and DG offer than the control 
group (Mdn = 1.25, range = 0-2.50, U = 391.50, p = .04, r = .26), indicating that the ADHD 
group showed more strategic bargaining than controls (Figure 1C).
 Importantly, the effects remained the same when excluding individuals with 
comorbid ODD (n = 9; there were no participants who met criteria for comorbid 
CD or other comorbidities): Children with ADHD made lower offers on the DG 
compared with controls (U = 258.50, p = .03, r = -.28) and there was no significant 
group difference in the UG (U = 361.00, p = .57, r = -.06). Furthermore, there were no 
significant correlations between ODD/CD symptoms on either the DBDRS or CBCL 
and offers made on both games (for DG all p > .10; for UG all p > .07). There were 
also no significant correlations between offers on either game and the CBCL scales 
social problems, rule-breaking behavior or aggressive behavior (for DG all p > .40; 
for UG all p > .17). This suggests that our effects were not driven by the individuals 
with comorbid ODD or CD symptoms.
Figure 1 | Histograms show the number of participants per decided offer for each group. A | Number 
of participants for each ultimatum game offer per group. B | Number of participants for each dictator 
game offer per group. C | Number of participants for each difference score between ultimatum and 
dictator game offers per group
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Self-reports
For Question 1 (decision UG), the ADHD and control group did not significantly 
differ in the number of participants per response category (χ2(1, 67) = .48, p = .62). 
The UG offer did not significantly differ per response category (χ2(1, 67) = 3.06, p = 
.11). The mean ranks were 36.65 for fairness and 30.93 for strategy. No participants 
responded with “do not know”. 
 For Question 2 (decision DG), the overall Chi-square test was significant (χ2(2, 67) 
= 9.73, p = .006): fewer participants with ADHD (20.7%) than controls (50%) reported 
fairness (Z = ±2.50, p = .01). There was no group difference in strategy considerations 
(controls 50%, ADHD 65.5%, Z = 1.69, p = .19) or in the category “do not know” (ADHD 
13.8%, controls 0%, Z = 5.76, p = .02, alpha = .017). There was a difference between 
self-reports and offers (χ2(2, 67) = 41.75, p < .001): participants who answered with 
fairness made higher DG offers than those who reported strategy (U = 228.00, p 
< .001, r = .78), but not those who responded with “do not know” (U = 24.00, p = .11, 
r = .20). Those who considered strategy did not differ from those who responded 
with “do not know” (U = 76.00, p < .99, r = .34). Mean ranks were 51.68 fairness, 21.78 
strategy and 39.63 “do not know”.
 For Question 3 (difficulty deciding), the ADHD and control group did not differ 
(χ2(2, 67) = .25, p = .30). Kruskal-Wallis tests showed that offers in the UG, DG and the 
difference between UG and DG offers were unrelated to self-reported difficulty (UG 
(χ2(2, 67) = 1.16, p = .49), DG (χ2(2, 67) = .11, p = .95), difference (χ2(2, 67) = .08, p = .97). 
The UG mean ranks were 35.27 for fairness, 32.43 for strategy and 28.67 for “do not 
know”. The DG mean ranks were 33.44 for fairness, 34.96 for strategy and 34.33 for 
“do not know”.
Individual differences: IRI scales
There were no correlations between perspective-taking (rho = -.11, p = .40) or 
empathic concern (rho = -0.28, p = .03, alpha =.006) with DG offers.
DISCUSSION
This study investigated reward-related decision-making in social contexts in 
children and adolescents with ADHD compared with controls by employing the 
well-established ultimatum game (UG; Guth, Schmittberger, & Schwarze, 1982) 
and dictator game (DG; Kahneman, Knetsch, & Thaler, 1986). By investigating the 
discrepancy in offers between both games, we were able to disentangle strategic 
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from fair decisions (Scheres & Sanfey, 2006). In addition, self-reports gave more 
insight into the reasons for the offers. As a secondary objective, the associations 
between strategic bargaining and empathy/perspective-taking were examined. 
The main hypothesis was confirmed: those with ADHD maximized their gains more 
than controls by lowering their DG offers as compared to UG offers more than 
controls. This indicated increased strategic bargaining in the ADHD group. Results 
for these objective measures were consistent with self-reports; the ADHD group 
showed less fairness considerations in the DG than controls. Finally, in contrast to 
expectations, no relationship between offers and prosocial skills was found.
 The ADHD group showed more strategic bargaining, as reflected by lower DG 
offers relative to UG offers, whereas in comparison the control group showed less 
discrepancy between the UG and DG offers. This higher discrepancy between 
UG and DG offers in the ADHD group indicates that they aimed to maximize the 
amount of their monetary gain (Scheres & Sanfey, 2006). Self-reports confirmed 
that significantly fewer individuals in the ADHD group considered fairness as a 
motive for DG choices. This indicated that the ADHD group aimed to maximize the 
likelihood and the amount of their monetary gain (Scheres & Sanfey, 2006). The 
finding that offers in the UG approximated 50%, corresponds with a high likelihood 
of acceptance and concurs with previous findings using this paradigm with 
anonymous players (Guth, Schmittberger, & Schwarze, 1982). This confirms that 
all participants understood the UG status quo: potential rejection if the Responder 
feels being treated unfairly, resulting in zero payoff. It is thereby implied that the 
group differences in strategic bargaining were not likely due to severe perspective-
taking deficits. Others have shown that young children who had not yet developed 
an understanding of other’s perspective made lower UG offers than those who 
had developed such an understanding (Takagishi, Kameshima, Schug, Koizumi, & 
Yamagishi, 2010). A lack of perspective-taking ability is therefore associated with 
low UG offers that have a high probability of being rejected. Our data imply that 
such a lack of understanding was not present in our sample, further supported by 
the fact that there were no group differences on the IRI perspective-taking scale. 
Finally, it is important to note that the level of complete selfishness (DG offers of 0) 
was comparable between groups. The group difference arose specifically in the DG, 
where participants with ADHD made lower offers than controls, thereby maximizing 
their own gains to a larger extent than controls. This resulted in a larger difference 
between the UG and DG in the ADHD group compared with controls. Our findings 
suggest that the ADHD groups’ decisions were more driven by gain maximizing 
motivations than social motivations compared with the control group.
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 The finding of more strategic bargaining by the ADHD group is in line with the 
notion of altered reward sensitivity in ADHD (Haenlein & Caul, 1987). However, altered 
reward sensitivity is not the only factor at play. A different study, which focused on 
age effects in strategic bargaining, demonstrated that an age-related increase in 
strategic bargaining was associated with a developmental increase in self-control 
(Steinbeis et al., 2012). Assuming that individuals with ADHD in this study would have 
a relatively weak self-control, they would be expected to demonstrate less rather 
than more strategic bargaining than controls. It needs to be noted, however, that 
the link between strategic bargaining and high self-control in the study by Steinbeis 
was driven by correlations between UG offers and self-control, and not by DG offers 
and self-control. In the current study, the link between strategic bargaining and 
ADHD-C was driven by the DG offers, and not UG offers. Despite this difference, 
the fact that the ADHD group actually showed more strategic bargaining, might 
suggest that the monetary gain motivated the ADHD group more than controls 
to recruit more self-control. Although the role of self-control in the current finding 
is speculative until future research is conducted, prior studies have shown that 
monetary rewards can normalize self-control (response inhibition) in youth with 
ADHD to the level of controls (see Ma, Duivenvoorde, & Scheres for a meta-
analysis). Clearly, future research is needed in which the role of self-control and 
reward sensitivity/motivation in strategic bargaining in those with ADHD is directly 
assessed by including measures of self-control (such as the stop task) and reward 
sensitivity.
 The current study found that the strategy in the ADHD group was driven by the 
lower number of individuals making fair DG offers (50%), but not a higher number of 
participants making unfair (0%) DG offers. This finding may be understood with the 
model by Myrseth and Fishbach (2009). According to this model, conflict arises in 
DG, consisting of a choice between being fair or egoistic. Not identifying conflict 
leads to indulging (keeping all the money). Identification of conflict leads to either 
restraint (allocate money to the Responder) or failed restraint (indulging). The 
outcome of the conflict is shown to depend on trait self-control (Martinsson et al., 
2012; Martinsson, Myrseth, & Wollbrant, 2014). Although empirical evidence is not 
entirely consistent regarding the cognitive control and DG fairness relation (Schulz, 
Fischbacher, Thöni, & Utikal, 2014), egoistic DG decisions are inherently little reliant 
on cognitive control as there is no risk of rejection. Selfish tendencies do not need 
to be overruled, as there is no consequence to being selfish. In our study, a lack 
of detecting conflict in the ADHD group does not explain the group difference; 
groups did not differ in €0 DG offers. This further supports the suggestion that for 
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individuals with ADHD, fairness may not be a sufficient motivator to recruit cognitive 
control to override selfish tendencies. 
 The current study did not find convincing age effects, even irrespective of 
diagnosis. In the DG, this was to be expected, as prior studies have not found clear 
differences in fairness between children and adolescents of similar age as those 
included in our study (Gummerum, Hanoch, & Keller, 2008) and younger ages (Fehr, 
Bernhard, & Rockenbach, 2008). For the UG, previous research is less conclusive 
(Gummerum et al., 2008; Harbaugh, Krause, & Liday, 2003; Murnighan & Saxon, 
1998; Sutter, 2007). For example, Murninghan and Saxon (1998) found that children’s 
offers decreased with age, while Harbaugh, Krause and Liday (2003) found the 
opposite result, and Gummerum et al. (2008) found no age effects, possibly 
due to design differences. However, developmental differences may arise more 
clearly in somewhat more complicated contexts where intentionality or individual 
effort should be balanced against strict equality preferences (Almås, Cappelen, 
Sørensen, & Tungodden, 2010; Güroğlu, van den Bos, & Crone, 2009). Children in 
the role of Responder have been shown to increasingly incorporate information 
regarding others intentions in their decisions with age (Güroğlu et al., 2009; Sutter, 
2007). For example, it occurs more frequently with increasing age that a moderately 
unfair offer is accepted when the only alternative choice for the Proposer would 
have been to choose an even more unfair offer (Sutter, 2003). Similar effects have 
been shown for individual achievement considerations (Almås et al., 2010). Future 
research may aim to further investigate the developmental trajectory of decision-
making in individuals with ADHD, using a combination of games that systematically 
manipulate the contextual factors that affect the decisions. In addition, studying a 
wider age range is likely to show stronger developmental effects, especially the 
inclusion of younger children (Fehr et al., 2008; Gummerum et al., 2008).
 The current study had a number of strengths and limitations. Strengths included 
the use of solid task designs, as the UG and DG are well-established paradigms to 
assess decision-making in a social context. Applying these to ADHD is an innovative 
approach to experimentally study reward-based decision-making in social contexts. 
Furthermore, by combining the UG and DG, we were able to disentangle strategic 
bargaining from fairness motives. Limitations of this study include the lack of inclusion 
of self-control and reward sensitivity measures. Therefore, future research may 
expand the scope of the current study. First, although the literature has supported 
the suggestion that cognitive control is involved in these tasks, future ADHD studies 
may directly examine the involvement of cognitive control by including tasks 
such as the Stop Signal Task (Logan, 1994). Additionally, including functional brain 
Chapter 6 Decision-Making in Social Contexts in ADHD
132 
imaging techniques to study associated activation in relevant brain regions such 
as the dorsolateral prefrontal cortex will be of interest. Second, the study was not 
designed to extensively measure social functioning in daily life. Future studies can 
address this by relating the experimental findings to, for example, questionnaires 
and/or sociometric data (Cillessen, 2009). In addition, social decision-making 
clearly is influenced by perceptions of interpersonal closeness (e.g., Cornelissen, 
Dewitte, & Warlop, 2011). Children and adolescents with ADHD experience social 
difficulties with people whom they frequently interact with (i.e., teachers, parents 
and/or siblings). Therefore, an important future step related to ecological validity 
would be to examine whether children with ADHD modulate their decision-making 
based on feedback from another person such as a teacher to maintain or develop 
positive relationships. Third, youth with ADHD demonstrate a positive illusory bias 
regarding self-perceptions and social competence (Linnea, Hoza, Tomb, & Kaiser, 
2012; Owens, Goldfine, Evangelista, Hoza, & Kaiser, 2007). Although this does not 
confound the main task findings, future studies should include social competence 
measures from parents. Finally, a focus on the Responder role will provide insight 
into participants’ emotional and potentially aggressive reactions to experienced 
unfairness. Future research is required to uncover how individuals with ADHD 
will behave when engaged as Responders in these economic games. It can be 
hypothesized that children and adolescents with ADHD will show a higher rejection 
rate due to emotion regulation impairment and reactive aggression (Sjöwall, Roth, 
Lindqvist, & Thorell, 2013; Wehmeier et al., 2010). 
CONCLUSION
This study investigated social reward-related decision-making in children and 
adolescents with ADHD using the single shot dictator game (DG) and ultimatum 
game (UG) in the role of the Proposer. In the DG, the likelihood of monetary 
payoff does not require considering the perspective of others, and children and 
adolescents with ADHD made less fair offers than controls. In the UG, which does 
require considering the perspective of another, there was no group difference. Both 
the ADHD and control groups made offers that were likely to result in a monetary 
payoff. This pattern illustrates that the ADHD group was characterized by increased 
strategic bargaining. The results suggest that rather than a failure to understand the 
perspective of others, children and adolescents with ADHD are less motivated by 
fairness and more by monetary gain than controls in simple social situations. 
General Discussion
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The overarching goal of this thesis was to provide insight into inhibition impairment 
in children and adolescents with ADHD as a function of motivation. This approach 
may enhance ecological validity compared with widely used laboratory tasks which 
only contain neutral stimuli. Moreover, detrimental effects of reward associations 
on inhibition may better discriminate individuals with ADHD from control groups 
than neutral stimuli. I have used different approaches to address this topic. In this 
chapter, I will integrate the findings from the separate empirical studies.
INHIBITION IMPAIRMENT IN INDIVIDUALS WITH ADHD
In order to reflect on the findings regarding the motivational influences on inhibition 
in individuals with ADHD and controls, it is important to first zoom in on group 
differences in inhibition during neutral conditions, as this served as the baseline 
condition. The meta-analysis in Chapter 2 demonstrated a group difference in 
inhibition of a pre-potent/on-going response during neutral (non-reinforced) 
conditions (mean weighted effect size = .52). This effect size was consistent with 
prior meta-analyses of inhibition tasks using neutral stimuli (weighted mean effect 
size for stop signal tasks = ~0.6, Lijffijt, Kenemans, Verbaten, & van Engeland, 2005; 
Oosterlaan, Logan, & Sergeant, 1998; Willcutt, Doyle, Nigg, Faraone, & Pennington, 
2005; weighted mean effect size for go/nogo tasks = .49, Wright, Lipszyc, Dupuis, 
Thayapararajah, & Schachar, 2014. The studies reviewed in Chapter 2 included both 
reinforced and non-reinforced conditions in within-subject designs. One question 
that arises from using such an approach is whether adding a reinforcement condition 
might have demotivated the participants in the non-reinforced condition (e.g., Ryan 
& Deci, 2000) and differently so in the ADHD and control groups. In Chapter 2, the 
effect size for the group difference in non-reinforced conditions was similar to the 
effect size in previous meta-analyses. Thus, the group difference in non-reinforced 
conditions resembles the group difference effect size typically found in inhibition 
paradigms without reinforcement conditions. This suggests that the addition of 
reinforced conditions did not alter the inhibition group difference.
 In addition, in Chapter 5, a go/nogo task was used with facial expressions 
as stimuli. Again, the ADHD group showed impaired inhibition of a pre-potent 
response compared with controls (d = 0.41) during nogo trials consisting of calm 
facial expressions, which served as the neutral comparison condition. Together, 
Chapters 2 and 5 confirm impairments of “cool” pre-potent/on-going response 
inhibition in youths with ADHD compared with controls, with similar effect sizes as 
reported before.
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Novel insight was gained in Chapter 5 by the force measurements that were 
recorded throughout the task. The force recordings showed a bimodal distribution 
in forcefulness of the button press during failed inhibitions. In most of these trials 
the button press was either lightly initiated and then stopped (low force range), or 
the button was pressed as forcefully as a typical go response (high force range). 
Importantly, the ADHD group showed more failed inhibitions in the high force 
range than controls did; in fact this drove the group difference. This indicates that 
when individuals fail in inhibiting their response, those with ADHD more often fail 
completely, that is, they did not inhibit their response at all, while controls appeared 
to be more capable of inhibiting their response to a certain extent. The group 
difference was not due to more forceful response execution in general in the ADHD 
group. To our knowledge this is the first study that used force measurements to gain 
detailed insight into response inhibition impairment in children and adolescents 
with ADHD.
 Regarding the group differences in interference control, prior meta-analyses 
of Stroop tasks typically have yielded small effect sizes of interference control 
deficits in individuals with ADHD (weighted mean effect sizes = ~0.3, van Mourik, 
Oosterlaan, & Sergeant, 2005; Willcutt, Sonuga-Barke, Nigg, & Sergeant, 2008). 
Task-manipulation checks in chapters 3 and 4 demonstrated that interference 
occurred in both studies, reflected as slower response times in incongruent 
than in congruent conditions. This confirms that the tasks did place demands on 
interference control.
 However, there were no significant group differences in the neutral conditions 
in chapters 3 and 4. Lansbergen and colleagues (2007) demonstrated that using 
congruent-incongruent difference scores as the dependent variable can lead to an 
underestimation of the group difference. Computing the ratio between congruent 
and incongruent performance (e.g., response times) can resolve this issue. 
However, even with ratio scores, no significant interference control impairment 
was observed in the ADHD groups in chapters 3 and 4 (effect sizes chapter 3 d’s 
= 0.18 and .33; chapter 4 d= 0.02). Interference control deficits may be absent or 
subtle in ADHD groups. Even though the effect size of .31 in one control condition 
(chapter 3, ratio between neutral negative and colour naming) was similar to the 
effect size in previous meta-analyses, the other effect sizes of interference control 
group differences in control/neutral conditions were lower. Such small effects 
would require larger samples to reach statistical significance, but a more important 
question is how clinically meaningful such small effects are.
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 In summary, these findings partially align with Barkley’s (1997) model in which 
the forms of inhibition (i.e., inhibition of a pre-potent ongoing response, and 
interference control) play a central role in ADHD. We replicated previous evidence 
of impairments in pre-potent and on-going response inhibition, but found weaker 
evidence of poor interference control in individuals with ADHD. It should be noted 
that cognitive dysfunctions are very heterogeneous amongst individuals with 
ADHD (e.g., Coghill, Seth, & Matthews, 2014; Fair, Bathula, Nikolas, & Nigg, 2012; van 
Hulst, de Zeeuw, & Durston, 2014). Accordingly, contemporary views of ADHD have 
moved away from single causal models and towards multi-systemic dysfunctions 
(e.g., Cortese et al., 2012; Nigg & Casey, 2005; Sonuga-Barke, Bitsakou, & Thompson, 
2010). Consistently, and as indicated earlier, this thesis focussed on the interplay 
between inhibition and motivation, rather than inhibition in isolation. Understanding 
the performance of youths with ADHD in the neutral (control/baseline) conditions 
is relevant for interpreting the modulating effects of motivation on inhibition, as 
discussed in the following sections.
THE AMELIORATING EFFECTS OF MOTIVATION ON INHIBITION
I used various approaches to study motivational effects on inhibition in children 
and adolescents with ADHD. Prior studies primarily have focused on the improving 
effects of incentive contingencies on inhibition in individuals with ADHD and have 
shown inconsistent results. It was therefore unclear whether youths with ADHD 
improve inhibition during incentive motivation, and if so, to what extent. In Chapter 2, 
I showed in a meta-analysis that incentives for correct inhibition ameliorated 
inhibition in children and adolescents with ADHD to the level of controls in non-
reinforced conditions. Healthy controls also improved during reinforcement but 
participants with ADHD did not reach their level. Contrary to Haenlein and Caul’s 
(1987) theory, the results suggested that reinforcement was not less effective in 
children and adolescents with ADHD than in controls. Instead, reinforcement can 
(partially) ameliorate inhibition, which suggests that motivation plays a role in 
inhibition impairments in children and adolescents with ADHD. It thereby supports 
several theories that assume a role of both motivation and inhibition in ADHD (e.g., 
Castellanos, Sonuga-Barke, Milham, & Tannock, 2006; Nigg & Casey, 2005; Sonuga-
Barke et al., 2010).
 These ADHD models are partially founded on neurobiological systems. However, 
neuroimaging studies of individuals with ADHD have been limited to investigations 
of inhibition and motivation (e.g., reward anticipation) separately (e.g., Cortese et al., 
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2012; Plichta & Scheres, 2014) and to indirect tests of motivational effects on inhibition, 
such as default mode network de-activation (Liddle et al., 2011). The rewarded 
Stroop task (chapter 4) directly tested the effects of reward on interference control. 
Compared with controls, adolescents with ADHD showed neural hyper-responsivity 
to rewards in a region of the superior frontal gyrus that has been associated with 
working memory (du Boisgueheneuc et al., 2006; Owen, 2000; Petrides, 2000) and 
to lesser degree in the ventral striatum. The ventral striatum plays an important 
role in reward processing (Knutson, Adams, Fong, & Hommer, 2001). Interestingly, 
the ADHD group revealed increased functional connectivity between the ventral 
striatum and motor regions during rewarded interference control. This suggests 
heightened neural coupling between reward and motor action regions in the ADHD 
group.
 This functional connectivity pattern is consistent with neurobiological models 
based on animal research, which propose that the ventral striatal connection with the 
prefrontal cortex provides a mechanism by which reward information (in a VS-OFC 
circuit) can affect cognitive processes and ultimately modulate motor responses 
(Haber, 2003). Neuroimaging studies in humans are consistent with this model (for 
reviews see Draganski et al., 2008; Haber & Knutson, 2010). Although these studies 
highlight reward-action coupling, no behavioral effect of reward on interference 
control was found in either group in chapter 4. Future research is needed to reveal 
whether this functional hyper-connectivity underlies altered behavioral effects of 
reward on inhibition in individuals with ADHD.
DETRIMENTAL EFFECTS OF MOTIVATIONAL CUES ON 
INTERFERENCE CONTROL
As indicated, this thesis not only addressed whether reward could improve inhibition, 
but also whether motivational distractors could be more detrimental to inhibition in 
youths with ADHD. I did not find evidence for the latter in the studies of interference 
control (chapters 3 and 4). In those studies, children and adolescents with ADHD 
did not show an increased attention bias towards appetitive or reward-associated 
cues. Specifically, in chapter 3, appetitive distractor words were detrimental to 
interference control in both groups, suggesting that the task manipulation worked 
as expected. However, this effect was not exaggerated in the ADHD group.
 As previously indicated, chapters 3 and 4 found no compelling evidence for 
interference control deficits in the ADHD group, at either the behavioural or the 
neural level. Weak interference control might be required to detect increased 
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detrimental effects of reward associations on interference control in individuals with 
ADHD. Intact PFC functioning during interference control in the ADHD group might 
also underlie normal top-down regulation of responses to appetitive distractors. 
For example, Lopez and colleagues (2014) demonstrated in healthy adults that 
left inferior frontal cortex recruitment during a go/nogo task predicted resistance 
to food intake temptations in daily life. More research is required to examine the 
association between PFC recruitment and inhibition of responses to tempting or 
distracting appetitive cues in individuals with ADHD. It is possible that “normal” 
regulation occurred in response to appetitive distractor words in the ADHD group 
(chapter 3), possibly even compensating for heightened ventral striatal reward 
responsivity (chapter 4). This idea is consistent with dual systems models which 
propose that cognitive control failure, by virtue of appetitive cues, can be due not 
only to impaired PFC functioning but also to strong responsivity to the appetitive 
cue within the reward systems (for review see Kelley, Wagner, & Heatherton, 2015). 
Functional neuroimaging studies can address this hypothesis.
 However, the fMRI results in chapter 4 may not be directly generalizable to 
the behavioural effect in chapter 3. A different task design was used in chapter 4, 
in which colours were associated with real monetary rewards, and the colour 
names were expected to be more distracting by association (Krebs, Boehler, & 
Woldorff, 2010). A priori, it could have been expected that the reward-associated 
distractors would induce a group difference, because the words were associated 
with real contingencies in the task. Unexpectedly, there was no significant group by 
condition interaction: The reward-associated distractors were not more detrimental 
to interference control in the ADHD group than in controls. Moreover, this aspect 
of the task manipulation was not effective; colour names that referred to rewarded 
colours did not yield more interference in either group.
 The fMRI data was informative here, suggesting that the absence of behavioural 
effects in the task manipulation and the group by condition interaction were not due 
to enhanced top-down regulation of the reward-associated distractor interference. 
In that case, heightened prefrontal interference control-related activation would 
have been expected (Krebs, Boehler, Egner, & Woldorff, 2011), which was not 
found. Instead, both groups demonstrated increased activity in visual regions in 
accordance with studies showing that task irrelevant reward associations modulate 
visual attention (Anderson, Laurent, & Yantis, 2011; Chelazzi, Perlato, Santandrea, 
& Della Libera, 2013). The absence of neural signals associated with interference/
motor control regions suggests that the reward-associated distractors did not 
increase interference in the fMRI study. In summary, across two different task 
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designs, there was no evidence for increased detrimental effects of appetitive cues 
and reward-associated distractors on interference control in individuals with ADHD.
Interestingly, the findings of chapter 3 also revealed that aversive (punishment-
related) distractor words facilitated rather than impaired interference control in both 
groups, and more so with increasing ADHD symptom severity (both inattention 
and hyperactivity/impulsivity). This was unexpected, as the attention bias theory 
on which the task was based predicted that disorder-relevant stimuli draw more 
attention than neutral ones, and hence would be more detrimental to interference 
control in the attention bias Stroop task. The facilitating effect of aversive words 
therefore suggests that children and adolescents, especially those with high ADHD 
symptoms, find aversive words less relevant and are therefore more successful 
in ignoring aversive words than neutral words. Some ADHD theories suggest that 
insensitivity to punishment (an aversive event) is associated with ADHD (Newman 
& Wallace, 1993; Patterson & Newman, 1993; Quay, 1988). Although the findings 
might be interpreted as punishment insensitivity, prior studies that directly tested 
punishment insensitivity in individuals with ADHD did not find strong support, 
rendering this explanation less plausible (Crone, Jennings, & Molen, 2003; Luman, 
Oosterlaan, & Sergeant, 2005; Luman, van Meel, Oosterlaan, & Geurts, 2012; 
Oosterlaan & Sergeant, 1998 but see van Meel, Heslenfeld, Oosterlaan, Luman, & 
Sergeant, 2011).
 I speculated that other models such as the cognitive energetic model may be 
more plausible, as they have received more empirical support (for a review see 
Sergeant, Geurts, Huijbregts, Scheres, & Oosterlaan, 2003). This model would 
suggest that aversive words modulate arousal, which in turn can recruit effort to 
optimize a cognitive energetic state in individuals with ADHD. In addition, individuals 
with ADHD may show dysfunctions in top-down regulation of approach (to positive 
cues) and avoidance (of negative cues) (Nigg & Casey, 2005). This may account 
for the distinct valence effects, that is, the detrimental effects of appetitive words 
and the facilitating effect of aversive words. However, these models would not 
necessarily predict that the group difference arises in the aversive condition and 
not in the appetitive condition. Furthermore, the valence-specific effects in chapter 
3 are consistent with the mood-as-information theory (Clore, Schwarz, & Conway, 
1994; Schwarz & Clore, 2003). The block design increases the possibility that word 
reading (a primer condition administered before the interference assessment) 
induced mood effects, influencing the findings. The findings of this study need 
replication and these models may guide future research on valence-specific effects 
of distractors for individuals with ADHD.
7141 
Chapter 7General Discussion
SOCIAL MOTIVATION: DETRIMENTAL EFFECTS ON INHIBITION 
OF PRE-POTENT RESPONSES AND MODULATION OF DECISION-
MAKING
The studies in chapters 5 and 6 examined inhibition and decision-making using 
social manipulations whereas the other chapters used non-social manipulations. As 
outlined in the introduction, social cues are highly relevant as ADHD is associated 
with social deficits (Bora & Pantelis, 2015). In addition, social cues are particularly 
salient for individuals in the age-range that was studied in this thesis (Steinberg, 
2005). In the go/nogo task (chapter 5), I used emotional facial expressions as 
stimuli. As expected, appetitive social nogo cues (i.e., happy facial expressions) 
had detrimental effects on inhibition compared with neutral nogo cues (calm facial 
expressions), suggesting that the task manipulation worked. In accordance with the 
hypothesis, the use of appetitive nogo cues (happy facial expressions) exacerbated 
the difference between ADHD and control groups. This exacerbating effect of 
inhibition impairment in individuals with ADHD was valence specific; aversive nogo 
cues (fearful facial nogo expressions) also were detrimental to inhibition but there 
was no significant group difference for this effect. Go/nogo tasks with appetitive 
nogo cues may thus better discriminate between ADHD and control groups than 
tasks with neutral nogo cues.
 In further support of this interpretation, the effect size of the group difference 
during appetitive nogo cues (d = .68) was larger than previously reported for standard 
(neutral) go/nogo tasks (weighted mean d = .49, Wright et al., 2014). As previously 
outlined, inhibition of a pre-potent response was weaker in the ADHD group than 
in the control group, which may have led to even more inhibition failures when 
appetitive nogo cues potentiated response execution. This may also explain why 
appetitive distractors did not modulate interference control, as no robust evidence 
was found for interference control impairment in individuals with ADHD. Moreover, 
happy facial expressions may have a stronger appetitive value for individuals with 
ADHD than controls. This was also suggested in a study showing that children with 
ADHD showed stronger improvement in inhibition during social feedback but not 
during monetary feedback than controls (Kohls, Herpertz-Dahlmann, & Konrad, 
2009). Individual differences in reward valuation and its associated recruitment 
of the ventral striatum have been shown to predict self-control failures to those 
rewards in daily life. Specifically, Demos et al (2012) demonstrated that ventral 
striatal responses to food cues were associated with weight gain in a 6-month 
follow-up, and similarly, ventral striatal responses to erotic images were associated 
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with sexual behaviour. Interestingly, this association was cue specific, as ventral 
striatal response to food cues were not associated with sexual behaviour or vice 
versa.
 Motivational theories assume that a highly desired reward is more effective (i.e., 
more motivating) to modulate behaviour than a low desired reward. However, the 
above described finding does not necessarily suggest that social appetitive cues 
are more motivating than monetary appetitive cues. In fact, finding that social cues 
have more impact on the behaviour of individuals with ADHD than monetary cues, 
contradicts findings of social deficits associated with ADHD, such as maintaining 
stable friendships (Normand et al., 2013). In daily life, (pro)social behaviour is 
complicated and some situations involve a balance between prosocial and self-
gain decisions, for example, when sharing limited resources (e.g., money or candy). 
Such a balance was not assessed in the go/nogo task or in prior research using 
social motivation (Kohls et al., 2009).
 Therefore, in chapter 6, I assessed this balance between prosocial and self-
gain decisions by combining two well-established decision-making paradigms: the 
Ultimatum Game (Guth, Schmittberger, & Schwarze, 1982) and the Dictator Game 
(Kahneman, Knetsch, & Thaler, 1986). In combination, these games disentangle 
financial/monetary self-gain from prosocial decisions (Camerer, 2005). The results 
revealed that children and adolescents with ADHD had an increased preference for 
financial/monetary self-gain compared with controls. Specifically, the ADHD group 
made more selfish decisions in the Dictator Game than controls but this group 
difference was not present in the Ultimatum Game. Thus, the ADHD group showed a 
larger discrepancy between Ultimatum and Dictator Game decisions than controls.
The absence of a group difference in the Ultimatum Game suggested that the 
ADHD group did not show a perspective taking deficit in this simple social situation. 
This is in accordance with previous studies showing that social cognition deficits 
in individuals with ADHD are subtle (Bora & Pantelis, 2015). A high discrepancy 
between Ultimatum and Dictator Game decisions has been associated with 
decreased inhibitory control in the stop signal task in healthy adolescents. This 
may reflect the adjustment of the Ultimatum Game decision that deviates from 
a preferred selfish Dictator Game decision (Steinbeis, Bernhardt, & Singer, 2012). 
Post-hoc analyses were conducted to examine the association between decision-
making and inhibition. However, there was no association between the decisions in 
both games (chapter 6) and the percentage failed inhibition in the go/nogo task 
(chapter 5). This suggests that a preference for self-gain but not cognitive control 
failure drove the group difference.
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Together, the studies in chapters 5 and 6 suggest that children and adolescents with 
ADHD show increased disinhibition to social appetitive cues. Yet, when balancing 
prosocial with self-gain during monetary decision-making, youth with ADHD show 
an increased self-gain preference.
CLINICAL IMPLICATIONS
The studies in this thesis had several clinical implications. First, prior knowledge was 
confirmed: children and adolescents with ADHD show impairments of inhibition of 
pre-potent and ongoing responses. Moreover, using rewards to motivate children 
and adolescents with ADHD can help to improve and ultimately normalize these 
two types of inhibition. This is in accordance with behavioural modification programs 
that typically advise the use of tangible or social reinforcement (e.g., praise) to 
improve behaviour (Fabiano, Pelham, Gnagy, & Burrows-MacLean, 2007; Van der 
Oord, Prins, Oosterlaan, & Emmelkamp, 2008). A novel insight from this thesis was 
that these types of inhibition may normalize to the level that would be observed in 
typically developing children and adolescents under non-reinforced circumstances. 
Normalization to the performance level that typically developing children and 
adolescents reach under reinforced circumstances is not to be expected.
 Second, using appetitive nogo stimuli in a go/nogo task yielded larger 
differences in inhibition between youth with ADHD and healthy controls than neutral 
nogo stimuli. This may have implications for clinical practice, as improved test 
batteries for ADHD diagnosis and cognitive profiling are warranted and currently 
being developed (e.g., Rommelse, de Zeeuw & Hartman, in prep: (http://www.
boompsychologie.nl/methode/68/COTAPP). More research is required before the 
go/nogo task can be applied in clinical practice, including sensitivity and specificity 
research. Yet, this study may be viewed as a first step towards investigating the 
appetitive go/nogo task as a potential candidate for new neuropsychological test 
batteries for ADHD.
LIMITATIONS AND FUTURE DIRECTIONS
For nuanced interpretation of the findings, a number of limitations of this thesis 
are addressed. First, the study designs differed from each other in various aspects. 
On the one hand, this complicates the explanation of different results between 
studies. On the other hand, it provides a broader view on motivational effects on 
inhibition in individuals with ADHD. For example, based on the methods used, we 
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cannot directly compare the effectiveness of social and non-social rewards as the 
designs differed on more factors than reward type alone. Even without those design 
differences it may remain complicated to match social and monetary incentives on 
reward value (i.e., receiving 1 euro may be more rewarding than perceiving a smiling 
face). Future research is required to investigate the association between subjective 
ratings/physiological/neural responses to reward with the effectiveness of those 
rewards in the modulation of inhibition.
 Second, aberrant interplay between reward and cognitive control are not 
ADHD-specific but may occur in a number of other psychiatric disorders as well. 
Importantly, it has been suggested that alterations in reward processing and their 
interplay with cognitive control in individuals with ADHD are specific to those with 
comorbid ODD and/or CD (Cubillo, Halari, Smith, Taylor, & Rubia, 2012). However, 
this conclusion may warrant more investigation, as those studies predominantly 
focused on sustained attention, which is one subdomain of cognitive control, while 
not investigating the other domains. In addition, chapter 5 suggested aberrant 
motivation-inhibition interactions in ADHD compared with control groups, even 
after post-hoc exclusion of those with comorbid ODD (none of the participants had 
comorbid CD). Furthermore, strict selection criteria were applied to ensure that 
the ADHD versus control group comparisons were not influenced by psychiatric 
disorders other than ODD/CD. However, ADHD shows high comorbidty with other 
psychiatric disorders and pure ADHD is relatively rare (Jensen, Martin, & Cantwell, 
1997). The screening procedure used for this thesis aimed to ensure that the 
ADHD-control differences were found by virtue of the ADHD diagnosis. But it is not 
clear how the findings generalize to individuals with ADHD who have additional 
psychiatric diagnoses. More knowledge is needed about the interaction between 
multiple diagnoses, as there are more individuals with ADHD and other psychiatric 
disorder(s) than individuals with pure ADHD.
 Third, the large heterogeneity in neuropsychological profiles between individuals 
with ADHD (Coghill et al., 2014; Fair et al., 2012) means that the findings cannot 
be generalized to all individuals with (pure) ADHD. One suggestion to overcome 
this common limitation in psychiatric research is to use a dimensional approach 
(Hyman, 2007; Robbins, Gillan, Smith, de Wit, & Ersche, 2012). Therefore, I explored 
the separate contribution of the continuous dimensions impulsivity/hyperactivity 
and inattention to group differences. However, there was no unique contribution 
of the dimensions. Instead, both symptom dimensions contributed to the group 
differences in this dissertation. This may be due to the strong correlations between 
the two dimensions. Future replication with larger samples is needed to examine 
7145 
Chapter 7General Discussion
the robustness of the task effects within and across ADHD dimensions. Alternatively, 
future studies are needed to identify subgroups of individuals with ADHD who show 
aberrant motivation and cognitive control interplay. These approaches may guide 
future neuropsychological profiling, and eventually personalized treatment.
 Fourth, neurochemical processes involved in ADHD, and underlying motivation 
and control interplay were beyond the scope of this thesis. Aberrant dopamine 
functioning is associated with ADHD (Volkow et al., 2011), reward prediction (Schultz, 
1998), motor control (Graybiel, Aosaki, Flaherty, & Kimura, 1994), and the interplay 
between motivation and cognitive control (Aarts, van Holstein, & Cools, 2011). 
Methylphenidate indirectly facilitates dopamine function by blocking dopamine 
and norepinephrine transporters, and is a common pharmacological treatment to 
reduce ADHD symptoms (Faraone & Buitelaar, 2010). Methylphenidate upregulates 
cognitive control, compromising its impairment in individuals with ADHD (Faraone 
& Buitelaar, 2010; Solanto, 1998). By facilitating cognitive control and increasing 
task salience (Volkow et al., 2004), methylphenidate may reduce the detrimental 
effects of appetitive distractors. However, a potential downside of methylphenidate 
in this context was recently demonstrated. Ter Huurne et al. (2015) conducted a 
visuospatial attention task where targets were faces that were either paired 
with low salient distractors (scrambled faces), or high salient distractors (non-
scrambled faces). Interference of salient distractors occurred in both placebo and 
methylphenidate conditions but was significantly increased in the methylphenidate 
condition compared with placebo. This suggests that methylphenidate is 
detrimental to cognitive control when stimulus features are shared by distractors 
and targets. Clearly, it is an open question for future studies to examine whether 
this detrimental effect of methylphenidate generalizes to appetitive distractors and 
individuals with ADHD or whether it will ameliorate altered motivation and cognitive 
control interactions regardless of distractor features.
 The methods used in this thesis do not make it possible to disentangle motivation 
from salience effects. Salience and appetitive value are strongly correlated in many 
experimental tasks that use appetitive cues. Salience quantifies the importance 
of a stimulus, whereas the desirability of a stimulus is what gives it its appetitive 
value. For example, novel or high intensity stimuli are salient but not necessarily 
appetitive/aversive. Both can have the same behavioural effect, as a salient 
stimulus may attract attention and thereby cause more interference, possibly even 
more so for those with weak cognitive capacity (e.g., Gaspar et al., 2016). Salience 
and appetitive value are both associated with ventral striatum activation (Cooper 
& Knutson, 2008; Litt, Plassmann, Shiv & Rangel, 2011). At the cue phase, similar 
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associated neural mechanisms are thus expected in both salience and motivational 
manipulations. Future experimental studies that dissociate valence from salience 
are needed to examine whether the findings in this thesis are specific to motivational 
manipulations. 
CONCLUSIONS
·	 Pre-potent and on-going response inhibition as measured with go/nogo and 
stop signal tasks are impaired in children and adolescents with ADHD (chapters 2 
and 5). During failed inhibitions, children and adolescents with ADHD more often 
showed button presses that were as fully executed as typical button presses 
during go responses than controls. Both groups also showed failed inhibitions 
where the response was partially executed. The use of force measurements 
thus provides detailed insight into response inhibition (chapter 5).
·	 Incentives contingent on correct inhibition can normalize this pre-potent and 
on-going response inhibition impairment in children with ADHD to the baseline 
of controls under non-reinforced conditions (chapter 2).
·	 There was no strong evidence for interference control deficits as measured with 
Stroop tasks in youth with ADHD (chapters 3 and 4). Interference control also 
was not differently modulated by appetitive cues in the ADHD group compared 
with the control group (chapter 3) and reward associations did not modulate 
interference control in either group (chapter 4). This suggests that interference 
control and its modulation by appetitive cues are less suitable for distinguishing 
ADHD from control groups. However, facilitating effects of aversive cues on 
interference control were found, which were positively associated with ADHD 
symptoms, suggesting valence-specific effects.
·	 At the neural level, adolescents with ADHD showed functional hyper-connectivity 
between the ventral striatum (reward processing region) and cortical motor 
regions during rewarded interference control, possibly reflecting enhanced 
reactive reward-action coupling (chapter 4).
·	 Social appetitive nogo cues better distinguished children and adolescents with 
ADHD from healthy controls than neutral cues and compared with the standard 
go/nogo task (chapter 5).
·	 Rather than a failure to understand the perspective of others, monetary decision-
making in children and adolescents with ADHD compared with controls was 
more driven by self-gain and less by prosocial considerations in simple social 
situations.
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ADHD
ADHD, oftewel aandachtstekort- hyperactiviteitstoornis is een psychiatrische 
ontwikkelingsstoornis. ADHD kenmerkt zich door concentratieproblemen, 
hyperactiviteit en impulsiviteit. Voor een ADHD-diagnose moeten deze kenmerken 
dusdanig sterk aanwezig zijn dat ze afwijken van typerende gedragingen voor 
kinderen van dezelfde leeftijd. De symptomen moeten ook als belemmerend 
worden ervaren voor het functioneren van het kind en aanwezig zijn in meerdere 
omgevingen, zoals thuis en op school. Op volwassen leeftijd is ADHD geassocieerd 
met ongunstige uitkomsten: zo is er een verhoogde kans op het ontwikkelen van 
een drugsverslaving, werkeloosheid en criminaliteit. Het is daarom belangrijk om 
ADHD tijdig te herkennen en te behandelen.
INHIBITIE EN MOTIVATIE BIJ ADHD
Een invloedrijke theorie over ADHD heeft voorgesteld dat ADHD-symptomen 
voortkomen uit beperkingen in cognitieve controle, met name inhibitiecontrole. 
Onder inhibitie verstaan we het kunnen stoppen van eigen gedrag. Er bestaat 
een onderscheid tussen drie vormen van inhibitie: het onderdrukken van een 
voorbereide reactie (d.w.z. inhibitie van een prepotente respons), het stoppen van 
een geïnitieerde reactie, en interferentiecontrole. Inhibitie is vereist om ongewenste 
automatische (re)acties te onderdrukken zodat gereageerd kan worden op een 
gewenste, doelgerichte manier. Deze vaardigheid is dus cruciaal om gedrag flexibel 
te kunnen aanpassen naar de dynamische omgeving. Uit meta-analyses blijkt 
inderdaad dat mensen met ADHD vaak verminderde inhibitiecontrole laten zien, 
maar de groepsverschillen blijken niet voldoende om de enige oorzaak te zijn van 
ADHD. Een andere belangrijke theorie suggereert dat ADHD-symptomen worden 
veroorzaakt door afwijkende motivatie. Deze theorie vloeit voort uit onderzoek 
naar effecten van extrinsieke beloningen op gedrag. Die eerste onderzoeken 
wezen erop dat kinderen met ADHD meer extrinsieke beloningen nodig hadden 
om hetzelfde prestatieniveau op simpele taken te bereiken als controle kinderen. 
Onderzoek naar invloeden van motivatie op inhibitiecontrole bij kinderen met 
ADHD heeft zich voornamelijk gericht op verbeterende effecten van tastbare 
beloningen (zoals geld) op inhibitie. In het dagelijks leven is dit natuurlijk niet altijd 
het geval. Vaak is inhibitie juist van belang op het moment dat we geconfronteerd 
worden met beloningsgeassocieerde afleiders. Bijvoorbeeld, een kind zal in een 
klas moeten de neiging moeten onderdrukken (inhiberen) om door een les heen 
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te praten met klasgenoten, maar dit zal hij/zij des te lastiger vinden als hij/zij het 
praten met klasgenoten als positief en belonend ervaart. Dit soort afleiding die 
geassocieerd is met beloning komt constant voor in ons dagelijks leven en kan 
verstorend zijn voor ons functioneren. Daarom is in dit proefschrift onderzocht hoe 
kinderen met ADHD presteren in situaties waarin beloningsassociaties kunnen 
zorgen voor een verminderde inhibitiecontrole. Hiervoor hebben we twee soorten 
beloningsassociaties gebruikt: monetair (geld) en sociaal.
SAMENVATTING PER HOOFDSTUK
Voorgaand onderzoek naar invloeden van motivatie op inhibitiecontrole bij kinderen 
met ADHD heeft inconsistente resultaten opgeleverd. Sommige studies lieten zien 
dat inhibitiecontrole bij kinderen met ADHD sterker verbetert wanneer extrinsieke 
beloningen gebruikt worden dan bij kinderen zonder ADHD, terwijl anderen geen 
significante verschillen vonden tussen de groepen. In hoofdstuk 2 heb ik daarom 
een review en meta-analyse geschreven van bestaande studies. De meta-analyse 
bevestigde dat kinderen met ADHD slechter zijn in inhiberen dan de controlegroep 
wanneer inhibitie niet wordt beloond. Wanneer inhibitie wel werd beloond 
verbeterden de kinderen met ADHD. Ze presteerden ongeveer op hetzelfde niveau 
als de controlegroep zonder de beloning, maar bleven slechter inhiberen dan 
de controlegroep met de beloning. Dit suggereert dat kinderen met ADHD over 
het algemeen wel profiteren van extrinsieke beloningen, maar dat ze in absolute 
zin niet beter gaan presteren dan de controlegroep. Hoewel dit overzicht van de 
literatuur meer duidelijkheid geeft over de verbeterende effecten van beloning op 
inhibitie, vertelt het ons niet in hoeverre inhibitie bij kinderen met ADHD verslechtert 
wanneer beloning is geassocieerd met afleidende (taak irrelevante) stimuli. In de 
volgende hoofdstukken werd dit vraagstuk daarom op verschillende manieren 
benaderd.
Hoofdstuk 3 richt zich op interferentiecontrole. Deze vorm van inhibitie is het 
vermogen om aandacht selectief te kunnen focussen en afleidende informatie 
te negeren. Interferentie controle kan variëren als functie van de relevantie van 
de afleidende informatie. Relevante informatie kan aandacht bijvoorbeeld meer 
afleiden (een verminderde interferentiecontrole) vergeleken met informatie die 
minder relevant is. Dit principe van afleider relevantie integreerde ik daarom in 
een standaard interferentiecontrole-taak waarin ik afleiders met een positieve 
en negatieve valentie vergeleek met afleiders met neutrale valentie. Zoals 
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verwacht zorgden de positieve afleiders voor meer afleiding (oftewel verminderde 
interferentie controle) dan de neutrale afleider. De ADHD-groep verschilde hierin 
echter niet significant van de controlegroep. Onverwachts zorgden negatieve 
afleiders juist voor een verbetering in interferentie controle. Dit effect verschilde 
niet significant tussen de ADHD en controle groepen. Als ADHD werd behandeld 
als continue schaal in plaats van een categorie, bleek dat het effect van negatieve 
afleiders groter was bij personen met meer ADHD-symptomen. Een geïnduceerde 
negatieve stemming en/of toegenomen inspanning door de aversieve afleiders zijn 
mogelijke verklaringen voor het faciliterende effect op interferentie controle.
In hoofdstuk 4 beschrijf ik de neurale responsen tijdens beloonde interferentie 
controle. De bevindingen toonden aan dat adolescenten met ADHD ten opzichte 
van de controlegroep verhoogde neurale responsen vertoonden wanneer er een 
beloning in het vooruitzicht was. Het groepsverschil was aanwezig in de gyrus 
frontalis superior en in mindere mate ook in het ventrale striatum. Voorgaand 
onderzoek heeft aangetoond dat het ventrale striatum bij het vooruitzicht op 
beloningen anders reageert in kinderen met ADHD. Daarom onderzocht ik door 
middel van een functionele connectiviteitsanalyse met welke andere delen van het 
brein dit gebied communiceerde tijdens beloonde interferentie controle. Hieruit 
bleek dat het ventrale striatum bij adolescenten met ADHD meer connectiviteit 
liet zien met motorische hersengebieden dan bij de controlegroep. Hoewel dit 
resultaat niet samenhing met gedragsmatige groepsverschillen en deze analyse 
niet kan aantonen wat de richting van het effect is, past deze bevinding wel bij 
theorieën van ADHD. Een van deze theorieën stelt een vergelijkbaar neuraal 
mechanisme voor, waardoor de inhibitiecontrole van individuen met ADHD sterker 
beïnvloed kan worden door het vooruitzicht van beloningen dan inhibitiecontrole in 
een controlegroep.
In hoofdstuk 5 heb ik onderzocht of belonende sociale stimuli de inhibitieproblemen 
bij kinderen met ADHD verder kunnen uitvergroten. Een van de aanleidingen voor 
het gebruik van sociale beloningen was dat deze voor kinderen meer ecologisch 
valide zijn dan geld beloningen. Daarnaast zijn de effecten van sociale beloningen 
op het gedrag van kinderen met ADHD weinig in laboratoria gebruikt. Wel heeft 
voorgaand onderzoek aangetoond dat kinderen met ADHD sterke verbetering van 
inhibitiecontrole lieten zien als sociale beloningen volgden op correcte inhibitie. 
Terwijl de controlegroep dat in mindere mate had laten zien. Hierbij werden 
gezichten met een neutrale of emotionele uitdrukking gebruikt als stimuli in een 
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inhibitietaak. Om inhibitieproblemen in meer detail in kaart te kunnen brengen 
gebruikte ik extra metingen om bij elke individuele stimulus bij te houden 
hoeveel inhibitie een deelnemer precies vertoonde. De resultaten bevestigden 
dat sociale belonende stimuli zorgden voor minder inhibitie vergeleken met een 
neutrale stimuli. Dit repliceert voorgaande onderzoeken die suggereren dat dit 
effect mogelijk een benaderingsrespons reflecteert. De ADHD-groep presteerde 
over het algemeen minder goed op inhibitie dan de controlegroep. Met name bij 
het zien van de sociale belonende stimuli was dit groepsverschil het grootst. De 
resultaten van extra metingen toonden aan dat inhibitiefouten bij de controlegroep 
vaak bestonden uit verminderde responsen dan wanneer ze een volledige respons 
gaven. Dit suggereert dat de controlegroep bij inhibitiefouten vaak wel de respons 
ingang had gezet. Inhibitie volgde dan wel, maar te laat waardoor er alsnog deels 
een respons plaatsvond. Bij kinderen met ADHD was dit veel minder vaak het geval. 
Bij inhibitiefouten werden de responsen vaak volledig uitgevoerd. Deze resultaten 
geven inzicht in inhibitie problemen bij kinderen met ADHD en suggereren dat 
sociale beloningsinformatie het inhibitie probleem bij kinderen met ADHD kan 
vergroten.
Het merendeel van het werk in dit proefschrift betreft inhibitie controle, maar 
het roept ook de vraag op of kinderen met ADHD vooral gemotiveerd worden 
door sociale of juist door monetaire motieven. Om dit verder te onderzoeken 
combineerde ik in hoofdstuk 6 twee bekende beslissingsparadigma’s: de 
Dictator Game en de Ultimatum Game. In beide taken verdeelt de deelnemer 
een klein geldbedrag tussen zichzelf en een andere, anonieme leeftijdsgenoot 
(de tegenspeler). In de Dictator Game heeft de tegenspeler niets te zeggen over 
de verdeling. Het geld wordt dan gewoon verdeeld zoals voorgesteld door de 
deelnemer. In de Ultimatum Game mag de tegenspeler het bedrag afwijzen, zowel 
de deelnemer als de tegenspeler krijgen dan niets. Het is daarom strategisch om 
in de Ultimatum Game ongeveer 50% van het bedrag aan de tegenspeler te geven, 
omdat de kans dan klein is dat de verdeling wordt afgewezen. Het combineren 
van de Dictator Game en de Ultimatum Game geeft inzicht in de motieven achter 
de beslissingen van de deelnemer. Als de beslissingen van de deelnemer vooral 
worden gedreven door pro-sociale motieven, dan zal de verdeling in beide taken 
rond de 50% liggen. Echter, als de deelnemer beoogt om winst te maximaliseren 
zal de verdeling in de Ultimatum Game strategisch zijn, maar in de Dictator Game 
zal het weggegeven bedrag laag zijn. De ADHD-groep had een hogere discrepantie 
tussen de 2 taken: In de Ultimatum Game was er geen significant groepsverschil, 
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maar in de Dictator game gaven kinderen met ADHD gemiddeld genomen minder 
geld weg dan de controlegroep. Dit suggereert dat wanneer er een conflict is 
tussen monetaire en sociale overwegingen, de beslissingen van de ADHD-groep 
meer gemotiveerd werden door monetaire dan sociale overwegingen vergeleken 
met de controlegroep. Ook suggereerden de resultaten van de Ultimatum Game 
dat de ADHD-groep in deze simpele sociale situatie geen problemen had met het 
begrijpen van het perspectief van de ander. Dit werd verder ondersteund door de 
resultaten van vragenlijsten over perspectief nemen.
CONCLUSIES
In dit proefschrift zijn verschillende methoden gehanteerd om het samenspel tussen 
inhibitie en motivatie bij kinderen met ADHD te onderzoeken. Samengenomen 
suggereren de studies dat inhibitie van prepotente en geïnitieerde responsen 
zwakker is bij kinderen met ADHD dan kinderen zonder ADHD. Er werd geen bewijs 
gevonden voor zwakkere interferentie controle. Kinderen met ADHD belonen 
voor correcte inhibitie kan inhibitie verbeteren. Mogelijk gaat dat samen met een 
verhoogde communicatie tussen hersengebieden voor beloning signalering en 
de motorische reactie daarop. De inhibitie problemen bij kinderen met ADHD 
namen toe als ze reacties op sociale belonende stimuli moesten inhiberen. Echter, 
wanneer pro-sociale beslissingen ten koste gaan van monetaire winst vertoonde de 
ADHD-groep minder pro-sociaal gedrag dan de controlegroep. Dit suggereert dat 
kinderen met ADHD niet sterker gemotiveerd worden door sociale dan monetaire 
aspecten. Door te onderzoeken in welke situaties kinderen met ADHD minder goed 
inhiberen dan de controlegroep kunnen deze onderzoeken uiteindelijk bijdragen 
aan gevoeligere tests voor ADHD.
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